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PREFACE 


al 


The volumes of the International Library of Technology are 
made up of Instruction Papers, or Sections, comprising the 
various courses of instruction for students of the International 
Correspondence Schools. The original manuscripts are pre- 
pared by persons thoroughly qualified both technically and by 
experience to write with authority, and in many cases they are 
regularly employed elsewhere in practical work as experts. 
The manuscripts are then carefully edited to make them suit- 
able for correspondence instruction. ‘The Instruction Papers 
are written clearly and in the simplest language possible, so as 
to make them readily understood by all students. Necessary 
technical expressions are clearly explained when introduced. 

The great majority of our students wish to prepare them- 
selves for advancement in their vocations or to qualify for 
more congenial occupations. Usually they are employed and 
able to devote only a few hours a day to study. Therefore 
every effort must be made to give them practical and accurate 
information in clear and concise form and to make this infor- 
mation include all of the essentials but none of the non- 
essentials. To make the text clear, illustrations are used 
freely. These illustrations are especially made by our own 
Illustrating Department in order to adapt them fully to the 
requirements of the text. 

In the table of contents that immediately follows are given 
the titles of the Sections included in this volume, and under 
each title are listed the main topics discussed. 
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Note.—This volume is made up of a number of separate Sections, the page 
numbers of which usually begin with 1. To enable the reader to distinguish 
between the different Sections, each one is designated by a number preceded by a 
Section mark (§), which appears at the top of each page, opposite the page number. 
In this list of contents, the Section number is given following the title of the Section, 
and under each title appears a full synopsis of the subjects treated. This table of 
contents will enable the reader to find readily any topic covered. 


LINK MECHANISMS, § 11 Pages 
eremves Lotions ot Uinks, sen. os «ROR co foe a ee 1-35 
COC I ChIOMW Maasiiuees stint ne be ee A We on Mite 1— 2 
Geer glcineimnatic Principles.cu ens. 2 fs ne ses nd odo ots 3- 8 


Kinds of constrained motion; Plane motion of a rigid 
body; Relative motion. 


DY i Sai ty re se hn Rie a Bao ee nee 9-35 


Steam-engine mechanism; Quick-return motions; 
Straight-line motion; Universal joint. 


GEARING, § 12 


BOO Ue Gl ead TINS wcneneuom atta one, serine seBe ie Ploy ois saree a 1-46 
Bre Mine CULV CS HOI SUE LACES. ciots caret tence Ae rate ve ovale l- 4 
STO ee OCA OO ca tad Ga tees Mert ke sets. ied Bote Se Gu cones 5-32 


General principles; Involute systems; Cycloidal, or . 
rolled-curve, system; Proportions of gear-teeth; Con- 
struction of tooth profiles. 


Cele rea TINO tiee «eA ait or iegsioee Giessen Sia Gihias wes soak 33-40 
SS icaimarnd:- VV Orin (Gearing ih. ute ae. htt nieve mieieis © oie!’ 41-46 
GEAR TRAINS AND CAMS, § 13 
err HMM CULES Si FEARS Ree oa a AUS 328s HE Oe a be wae 1-29 
Pepeunesathe Gear Werains. 2. co jee ee aie 9s we orale wie 6-14 

Back-gear train; Screw-cutting train. 
BEC Cle tI OS etree eonietsn WT 6% +a" fo-eim ain ee 15-23 
Vv 


vi CONTENTS 


GEAR TRAINS AND CAMS—( Continued) 


Pages 
Revolvirioe (earl rains sees semen ae ee ee 24-25 
Reversing )Mechamistie.! he 14). 2 asc haan See eee 26-29 
Gannscand Galtt AC raris neers cee near hens ele 30-45 
Rigtaty: Camis tea es ete Ac eens «ae eae alee 31-39 
Slrdme and eCylindrica WtCanisene: a tek os co neuro ae 40-41 
Featchet Ovi echawisiis yc eee te wee ae iat oe ae are 42-45 
PULLEYS AND BELTING, 314 
ele GEA TINO sats rghya es Mt arom iOle Shane x lois cI ieee 1-33 
Kinematics tot thier ble (eating. cn): aimee gels Same ee 1- 5 
Leneth of Open and Crossed Belts o. - oso. seek 6-17 
Power Lransmission, [sy MaGlte are coq eee <a ore 18-22 
Gere andy Wise. 0 beltitec val...) Geer se oe ee 23-26 
Belt Connections for Non-Parallel Shafts........... 27-33 
MATERIALS OF CONSTRUCTION, §15 
PRO FATIG Otel rch ane. ae eet en ee 1-30 
RITFOCUCHON: usty choot eee Oe 0 are ea eee 1 
oleae Sos Pera teary tees eee AAU ae eam nA Se 2-18 
Production of iron; Cast iron; Wrought iron. 
SCO tears esatne aie has a> Seca Sb cen RIN Re nee a 19-30 
Manufacture of steel; Crucible steel; Blister steel and 
shear steel; Alloy steels; Steel castings; Spring 
steel. 

PAILOV SG Patti, athe tee vis on ssa A ener, ee ee ree 31-35 
Selection’ OL My lateriale wc.) "02s te eee eee ee 36-37 
STRENGTH OF MATERIALS, § 16, § 17 
$ 16 
Stress, Detormation, and) Elasticity...) arene oe 1-18 
Stress and. Derortnarloies . calc <0 vc tee One re eeeeeane 1- 2 
Elasticity® (2), <i tocdee wreie ate kee as: Gee ie 3- 5 
PeHSiOn se ae eee wi Haha s Wintel ale oe) ie ls hee es 6-7 
Gomipression’ 42. aeeckhe ons ee ee 8 


SHEA +. Sacoe bc hotels Bee Fed ee eee 9-10 


CONTENTS Vil 


STRENGTH OF MATERIALS— (Continued) 


Pages 
PIOUS Ca TOR POA LCV MME ania. «ange 26's po 8's whe ha wk 11-13 
ii aU CeO Chen ay Wen fe Paes Sot. ia area Sead 14-18 
Pemmeni arya Taper statics: fh Wc edie c wae goue es: 19-26 
Force diagram and equilibrium polygon; Composition of 
moments; Graphic expressions for moments. 
iP acti eee ee Ake RE Rae ee es beth ghee alle 2752 
BP MCI Sweets es eens ee fee rans Zi 
MMOS. Seta thag te late Sc Seek OTS lands sig ale 1 a: $9. dase 28-43 
Reactions of supports; Vertical shear; Bending moment; 
Simple beam with uniform load; Simple beams with 
mixed loads. 
Overhune Beams and Cantilevers. ...... ic ee.s os vas 44-52 
S17 
CESAR. Tippee aac esi SN Tae aero 1-15 
Bie MC Mamas LiCAIore crt eter ra tesles «68 aheoks, Rakes cues Oo 1-10 
DeHlectiOthe Ol ws cams a. 4 ewdaa eles «5 at oretn en era tare ES 
Comparison of Strength and Stiffness of Beams...... 14-15 
SIS TANS BPR: Ee cssgrs eL a 16-22 
WORST Onme acl # Sinan ies Seccitastecote sl naa ee veebe@ ot ater gs Z3=28 
Re Matin inet ie Rte oie Va pln p le eieenn 3s 29-34 
THE TESTING OF MATERIALS, § 18 
CIRO Se ATICe HO DM ALICE eta. ck aera) eto! + ve ce oe he 1-39 
Wath. PGCE Fate Ue eae othe thao FRGn a Cea Ie i ecient 2— 4 
Proravatuc vor Lesting. Materials im <6 emcee (ae oe oe 5-14 
TIC WOSU aoe ee ns end Rice od ies aia gled we ge dak eS? 
PRTC Se TI Giel COC Getene Cane be Rec plese arene 18-24 
eanipheaslothel Stay 1. Witobier Resin oe eink sieteety cnet e « 25-27 
Method of making the test; Records of the test. 
Ce Cee Men tie tA as a Ge sos ble ates Salas 28251 
Shemmneeand  VOrsiOi) LeStS.1. 0 kee lees view ee ee 32 
PT eCeUL ATCO Ste beste tn tl iseett iss woe eles os slielaie yells 32-39 


- 
» 7 
- . 
cc r 
i © 1 <4. 
» “RE 
a nen Y ‘4a x 
Pua aa > 
,’ 7 ae wats 
fj : a 
- 7 
lay - eG : 
Bae 
Ba) 4 
_ oa " a 
: be 
“ ‘ 7) 
i 


~ 
- 


LINK MECHANISMS 


RELATIVE MOTIONS OF LINKS 


INTRODUCTION 


1. Mechanics.—The science that treats of the motions 
of bodies and of the forces that produce or tend to produce 
such motions is called mechanics. 

Applied mechanics comprises the principles of pure 
mechanics as applied to the design and construction of 
+f machinery or to works of engineering. The part of applied 

mechanics that relates to machinery is called the mechanics 
of machinery. 
| The mechanics of machinery may be divided intc two 
chief branches: kinematics of machinery, treating of the 
motions of machine parts without regard to the forces acting; 
_ dynamics of machinery, treating of the forces acting on 
machine parts and of the transmission of force from one 
part to another. 


; 2. Free and Constrained Motion.—A body is said to 
be free when it may move in any direction in obedience to 
. the forces acting on it. A body is constrained when the 
= nature or direction of its motion is determined by its con- 
nection with other bodies. 

Examples of free bodies are the moon, the sun, and other 
heavenly bodies. Examples of constrained bodies are seen 
in every machine. Thus, the crosshead of an engine is con- 
strained by the guides, and the shaft by the bearings in 
which it turns. 

COPYRIGHTED BY INTERNATIONAL, PEXTBOOK COMPANY. ALL RIGHTS RESERVED 
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In constrained motion, every point of the constrained 
body is forced to move in a definite path, no matter what 
may be the direction of the force that causes the motion. 
Any force that tends to give the body some other motion is 
at once neutralized by an equal and opposite force developed 
in the constraining members. For example, the block a, 
Fig. 1, is enclosed by stationary guides 6 and ¢ and its only 
possible motion therefore is a sliding motion along the 
line EF. Suppose that the acting force P has the direction of 
Mp y the line 17. Then, if 

= a were free, the force P 
would cause it to move 
along the line WN. 
Let P be resolved into 
. the components A and 

YY ffs itll «~V, vespectively, acting 

Rk ‘VY parallel and perpendic- 

Fie. 1 ularto &F. The force 

HT causes a to move along EF; the force VY, on the other 

hand, would cause. it to move vertically downwards, but the 

downward push of a against the guide c develops a reaction R 

in the guide ¢ that is equal and opposite to VY. Hence, V 

and # are balanced, the net vertical force is zero, and as a 

result there can be no motion vertically. In this way, any 

force that tends to cause a to move in any direction except 

along the line & F creates a reaction in one of the restrain- 
ing bodies 4,c that exactly neutralizes that tendency. 


Yld« U} 


3. Definition of a Machine.—A machine is an 
assemblage of fixed and moving parts so arranged as to 
utilize energy derived from some external source for the 
purpose of doing work. 

In the operation of machinery, motion and force are com- 
municated to one of the movable parts and transmitted to 
the part that does the work. During the transmission, both 
the motion and the force are modified in direction and 
amount, so as to be rendered suitable for the purpose to 
which they are to be applied. 
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The moving parts are so arranged as to have certain 
definite motions relative to each other, the effect of which is 
to compel the part doing the work to move in the required 
way. The nature of these movements is independent of the 
amount of force transmitted; in other words, in a model of a 
machine operated by hand, the relative motions of the parts 
will be precisely the same as in the machine itself, although 
in the latter case a great amount of power may be trans- 
mitted and much work done. 


GENERAL KINEMATIC PRINCIPLES 


KINDS OF CONSTRAINED MOTION 


4. Plane Motion.—All constrained motions of rigid 
bodies, however complicated, may be divided into three 
classes; viz., lane motion, spherical motion, and screw motion. 

A body is said to have plane motion when all its points 
move in parallel planes. Nearly all the motions of machine 
parts belong to this class. For example, the motions of all 
parts of the steam engine, except the governor, are plane; 
all points of the piston, piston rod, and crosshead move in 
equal parallel straight lines; all points of the crank, shaft, 
and flywheel move in circles of various radii that lie in par- 
allel planes; and points of the connecting-rod describe oval 
curves, which likewise lie in parallel planes. There are two 
special cases of plane motion of much importance, namely, 
votatton and translation. A body is said to rotate about an 
axis when all points of it move in parallel circles whose 
centers all lie on the axis; this motion is very common. 
Thus, a flywheel rotates about the axis of the shaft, a pulley 
about the axis of the line shaft, etc. A body has a motion of 
translation when the direction of a straight line in that body 
is always parallel to or coincides with its original direction. 
The paths of any points in the body may be either straight 
or curved. The motions of the piston of a steam engine 
and the parallel rod of a locomotive are examples of trans- 
lation in straight and curved paths, respectively. 


4 LINK MECHANISMS §11 


5. Spherical Motion.—A body has spherical motion 
when each point of it remains always at a definite distance 
from some fixed point so as to move in the surface of an 
imaginary sphere with the fixed point as a center. In 
machinery, there are few examples of spherical motion; the 
universal joint and the balls of the steam-engine flyball gov- 
ernor are two familiar examples of this motion. 


6. Serew motion consists of a rotation about a fixed 
axis combined with a translation along the axis. An exam- 
ple is the motion of a nut on a bolt. 

Of the three forms of motion, plane motion occurs most 
frequently in machinery. Unless the contrary is stated, it is 
assumed in the following pages that the motion of a machine 
part is plane. 


PLANE MOTION OF A RIGID BODY 


7. Point Paths.—During the motion of a rigid body, 
such as a machine part, each point of the body traces a line, 
which is called the path of the point. In plane motion, the 
path lies in a plane, and in the case of a machine part the 
path is usually a closed curve; that is, a path that, if fol- 
lowed continuously, will bring the body to its original 
position. The path of any point of a body rotating about 
a fixed axis is a circle, which is a closed curve. The 
direction in which a point is moving at any instant is the 
direction of the tangent to the path of motion at the given 
point. 

Also, in plane motion, the motions of any two points of a 
body determine the motion of the body as a whole. Thus, 
in the case of a connecting-rod, if the motions of any two 
points of the rod, at any instant, are known, the motion of 
the entire rod for that instant is determined. 


8. The Instantaneous Center.—In Fig. 2, 4 and B are 
two points of a rigid figure, which may be in any plane sec- 
tion of the rigid body parallel to the plane of motion, and m 
and 2, respectively, are their paths. The direction of motion 
of 4 at a certain instant is the tangent a, at the point A, to 
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the path m. Similarly, the tangent 4 to the path x shows 
the direction of motion of B at the same instant. Let the 
lines e and f be drawn through 4 and BZ perpendicular, 
respectively, to the tangents a and 34, and let O be their inter- 
section. Suppose that some point be chosen, say £, on the 
line e, and that the figure be rotated about this point. For 
the sake of clearness, imagine the figure to be a disk of paper 
with a pin stuck through it at the point &. Evidently, when 
the disk is rotated, the direction of motion of 4A will be 
perpendicular to 4 Z, that is, in the direction of the tan- 
gent a. Hence, a rotation about any point on the line e will 
cause 4 to move, for the in- 
stant, in the direction of the 
tangent a. 

In the same way, a rota- 
tion about any point in the 
line / will cause B to move 
in the direction of the tan- 
gent 6. Therefore, by 
choosing as the center of 
rotation the point O, which 
lies on both e and f/f, both 4 
and & will be caused to 
move for the instant in their Fic. 2 
proper directions. But, in plane motion, the motions of two 
points of a body determine the motion of the whole body. 
Hence, the actual motion for the instant is a rotation about 
the point O, which for this reason is called the instan- 
taneous center of the figure. Whatever may be the motion 
of a figure in a plane, it is possible to find a point about 
which a rotation will, for an instant, give the figure the same 
motion. 

Having the center O, it is easy to find the direction of 
motion of any third point, as C. Since, for the instant, the 
whole figure is rotating about O, the point C is moving in 
a direction perpendicular to CO. In general, at a given 
instant, any point of the figure is moving in a direction per- 
pendicular to the line joining it to the center O. 


6 LINK MECHANISMS $11 


9, The instantaneous center can always be found if the 
motions of two points are known. Through the two points 
lines are drawn perpendicular to the directions in which the 
points are moving, and the intersection of these two lines is 
the instantaneous center. In Fig. 3, for example, there are 
two links a, 6 that turn 
about the fixed points 
A and # and are pinned 
at Cand D to a bodye. 
The center of the pin 
DAS AppOlmtsOtN cas 
well as of a, and it is 
moving in a direction 
at right angles to the 
link a; hence, a line 
drawn from DP at right 
angles to this direction 
is the center line of 
the link. Likewise, 
the link 6 stands at 
right angles to the direction of motion of C and therefore 
the intersection P of the center lines of the links, extended, 
is the instantaneous center for the motion of the body c. 
To find the direction of motion of any other point of c, as Z, 
join & to P; then the direction 
of motion of & is perpendicular vA 
to PE, co 

In Fig. 4, the motion of the ZA 
connecting-rod AC is consid- x 
ered. All points in the crank i 
AB describe circles about the 
fixed point 4d. The end & of 
the connecting-rod BC rotates 
about the fixed point A, while Eros 
the end C moves to and fro in the straight line 4 X. Evi- 
dently, the perpendicular to the direction of motion of B is 
the crank 4 &, and the perpendicular to the motion of Cis a 
line perpendicular to 4 X at C; therefore the instantaneous 
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center P lies at the intersection of the center line of the 
crank A #&, extended, and a perpendicular to 4X at the 
point C. 


10. If two points 4, ZB, of a body, Fig. 5, are moving in 
the same direction, the perpendiculars m and z are parallel. 
In this case, the body has a 
motion of translation, and all 
points of it are moving in the 
same direction with the same 
speed. 


11. Angular Velocity. 
A body rotating about a fixed In 
axis is said to have unit angular Fie. 5 
velocity when the distance moved through in 1 second by 
any point is equal to the distance between the point and the 
axis. Hence, if the point chosen is 1 foot from the axis, 
the angular velocity of the body is unity when this point 
travels 1 foot in 1 second, that is, when its speed is 1 foot 
per second; if the point has a speed of 5 feet per second, 
the angular velocity is 5; and so on. 

Suppose that a point at a distance of » feet from the axis 
has a speed of vw feet per second. Then, as the speeds are 
proportional to the radii, a point at a distance of 1 foot from 


9 
| 
| 
i 
1 
1 
t 
| 
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the axis has a speed of ts xv = feet per second, and the 
Va ie 


angular velocity is therefore “units. Let w denote the angu- 
Yr 


lar velocity; then, 


fp — 


w (2) 


and o= 


Formula 1 may be used to determine the angular velocity 
of a body rotating about an instantaneous, instead of a fixed, 
axis, or, what is the same thing, the angular velocity of a 
point of a plane figure rotating about an instantaneous 
center. Thus, in Fig. 8, suppose that the velocity of the 
point D is 20 feet per second and the distance from D to the 
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instantaneous center 7 is 4 feet; then the angular velocity of 
the body ¢ about the center of rotation P is, by formula 1- 
v 20 


TF 4 
Having the angular velocity of the body, the linear velocity 
of any other point, as C or Z, is easily found by formula 23; 


thus, 
linear velocity of C = angular velocity K PC 


linear velocity of £ = angular velocity kX PE 


In the foregoing consideration of angular velocity, the unit 
is based on the angle subtended by an arc equal to the radius 
of the circle forming the path of the point in motion; this 
angle is called a vadian. In other words, a radian is the 
angle subtended by an arc equal in length to its radius. 

The length of the circumference of a circle, that is, 
the arc subtending the angle of one complete revolution, 
or 860°, is2 zz. This angle, measured in radians, is there- 


fore equal to aie 2z radians. It follows, therefore, that 
r 


one radian is equal to se = O1,a00°. 


RELATIVE MOTION 
12. Two bodies, each of which is moving relative to 
some fixed body, have, in general, rela- 
tive motion. For example, the crank 
and the connecting-rod of an engine 
have each a certain motion relative to 
the frame; each has also a motion 
relative to the other, which motion is 
a turning about the axis of a crankpin. 

An illustration of the principle of 
relative motion is shown in Fig.6. A 
block 4 is constrained to slide on a 
tod a, and this rod is pinned at 4 to a 
fixed body, so that the only possible 
motion of ais arotation about 4. Now, 
if a does not move, the block 4 simply slides along a; if, 


Fic. 6 
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however, a rotates while 64 slides along it, the actual motion 
of 6 will have the direction PG, but its motion relative to a 
is in the direction PZ, just as though a were at rest. That is, 
the motion of é relative to a@ is not in the least affected by the 
motion of a. In general, the relative motion of two bodies 
is not affected by any motion they may have in common. 
This is a principle of great importance, and may be further 
illustrated by the following familiar examples: The relative 
motions of the parts of a marine engine are not influenced by 
the roiling of the ship. The relative motions of the moving 
parts of a locomotive are not affected by the motion of the 
locomotive on the track. 

From this principle, it follows that in studying the relative 
motions of two bodies, any motion common to both may be 
neglected; also, if desirable, a common motion may be given 
them without affecting their relative motions. 


LEVERS 

13. Use of Levers.-—Levers are used in mechanisms 
to guide a moving point, as the end of a moving rod, or to 
transfer motion from one line to another. There are three 
kinds of levers: (1) Levers whose lines of motion are 
parallel; (2) levers whose lines of motion intersect; and 
(8) levers having arms whose center lines do not lie in the 
same plane. 

In proportioning levers, the following points should in 
general be observed; they apply to all three cases just 
mentioned: 

1. When in mid-position, the center lines of the arms 
should be perpendicular to the lines along which they give 
or take their motions, so that the lever will vibrate equally 
each way. 

2. Ifa vibrating link is connected to the lever, its point 
of attachment should be so located as to move equally on each 
side of the center line of motion of the link. 

3. The lengths of the lever arms must be proportional 
to the distances through which they are to vibrate. 
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14. Reversing Levers.—An example of a lever that 
illustrates the foregoing principles is shown in Fig. 7. The 
crank SF is the driver, and through the connecting-rod RH 
gives a motion to the point HW approximately along the center 
line AB, which is transferred by the lever EH to the 
line CD. The lever vibrates equally each way about its 
fulcrum or center O, as indicated by the lines c4 and da. 
When in mid-position, its center line & WH is perpendicular 
to the lines of motion C Dand A #&. The horizontal distances 
traversed by the points & and H, respectively, are propor- 
tional to the arms #-O and A O, ory: £O= x«:HO. The 


Fic.7 


vibrating link EA connects the point & with the rod AD, 
which is constrained to move in a straight line by the 
guide g, and, in accordance with principle 2, the lever is so 
proportioned that the point & will be as far above the center 
line of motion CD, when in mid-position, as it will be below 
it in the two extreme positions; that is, the points c andd are 
as far below the line as the point & is above it. 

At the bottom of the lever, where the rod HR connects 
with the crank, the same principle holds, the point HW being 
as far below the line 4 & as the points a and 6 are above it. 
Frequently, the distance between the center lines C D and A B 
is given, and the extent.of the motion along these lines, 
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from which to proportion the lever. A correct solution to 
this problem is troublesome by calculation, because it is not 
known at the start how far above and below their respective 
lines of motion the points £ and H should be. 

A graphic solution is shown in Fig. 8. Draw the center 
lines of motion CD and 4 B&B, and a center line S 7 perpen- 
dicular to them. Draw WE parallel to S7 at a distance 
from it equal to + y, 
or half the stroke 
along CD; also, the 
parallel line HN, on 
the other side of S 7, 
and at a distance from 
it equal to x, or half 
the stroke along A B. 
Connect points 47 and 
NV by a straight line; 
where this line inter- 
sects S 7, as at O, will 
be the center or ful- 
crum of the lever. 
With O a8 a center, 
find by trial the radius 
of an arc that will cut 
S 7 as far below the 
line AB as it does 
HN above this line, 
or so that the distance 
nm will be equal to the distance m. As an aid in determining 
the correct radius, describe an arc cutting S 7, with Oasa 
center and aradius OV. The distance z will be a little more 
than +7. Now, draw a straight line through points H and O. 
The part included between H WV and /£ determines the 
length of the lever. In this case, the length of the shorter 
arm is equal to OZ, and that of the longer arm to OW. 
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15. Non-Reversing Levers.—Fig. 9 shows the same 
construction applied to a lever in which the center O is at 
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one end of the lever. This lever does not reverse the motion 
like the previous one, since, when the motion along 4 B is to 
the right or left, the motion along CD will be in the same 


direction. The figure is 
lettered like the preceding 
one, so that the construc- 
tion will be easily under- 
stood. 


16. Reducing Mo- 
tions.—lIt is often desir- 
able that alever mechanism 
shallreproduce ona greater 
or smaller scale, along one 
line, the exact motion that 
occurs along another line; 
that is, for every change 
in the rate of the motion 


along one line a corresponding change shall be produced 
along the other line. Figs. 10 and 11 illustrate three indi- 
cator reducing motions that accomplish this. 


In Fig. 10, the lower end of 
the lever attaches to the cross- 
head of the engine through the 
swinging link HR. The indi- 
cator string is fastened to the 
bar CD, which receives its mo- 
tion from the lever through the 
link & K, and slides through the 
guides g,g in a direction par- 
allel to the line of motion 4 2 
of the crosshead. In order that 
the bar CD shall have the same 
kind of motion as the cross- 
head, it is necessary that the 
lengths of the links AK and 
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fT R shall be proportional to their respective lever arms; 
this OH: HR= OE:EK. The pins must be so placed 
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that the connecting links will be parallel; if parallel at one 
point of the stroke, they will be so at all points. When the 
links & A and.#72 are parallel, OK: OR = OE: OH, and 
the length of the indicator diagram will bear the same ratio 
to the length of the stroke as OE bears to OW. 

It is to be observed that the pins O, X, and R are in one 
straight line, and, in general, it may be said that any arrange- 
ment of the lever that will keep these three pins in a straight 
line for all points of the stroke will be a correct one. 

In Fig. 11, two such arrangements are shown. In the 
first, the pins X and # are fast to the slide and crosshead, 
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respectively, and slide in slots in the lever. In the second, 
they are fast to the lever, the slots being in the slide and 
crosshead. In both, the pins A and # are in a straight line 
with the pin O during the whole stroke. 


17. Bell-Crank Levers.—Levers whose lines of motion 
intersect are termed bell-crank levers; they are used very 
extensively in machine construction for changing the direc- 
tion and the amount of motion. The method of laying out 
a lever of this kind to suit a given condition is as follows: 

In Fig. 12, suppose the angle CA &, made by the lines of 
motion, to be given, and that the motion along 4 B& is to be 
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twice that along 4C. Drawed parallel to AC at any con- 
venient distance from 4 C. Drawaé parallel to A Band ata 
distance from A B equal to twice the distance of cd from A C. 
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Through the intersection of these two lines. and the apex 4 
of the angle, draw the line 4 7. The center O of the bell- 
crank may be taken at any point on 4 F suited to the design 


D 
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of the machine. Having chosen point O, draw the perpen- 
dicuJars O& and OH, which will be the center lines of the 
lever arms. 
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In Fig. 13, a construction is shown that may be employed 
when the two lines CD and 4 & do not intersect within the 
limits of the drawing. In Fig. 14, the same construction is 
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applied to a non-reversing lever, in which the center O falls 
outside of the lines dB and CY. The figures are lettered 
alike, and the following explanation applies to both. Draw 
cd parallel to CD and abd ; 
parallel to 4 &, as before, 
so that the distance of cd 
from CZ: distance of ad 
from 4 B = amount of mo- - 
tion along CD: amount of 
motion along 4 &. Again, 
draw lines gf and ef in 
exactly the same way, but 
taking care to get their 
distances from CDand AB 
different from those of the 
lines just drawn. Thus, if LEE ANS 

cd should be 6 inches from CD, make gf some other dis- 
tance, as 4 inches or 8 inches, and then draw e/ at a propor- 
tionate distance from 4A &. Through the intersections of a6 
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with cd and ef with gh, draw the line 7/, which will be the 
line of centers for the fulcrum O. 

Levers falling under the third classification are usually 
bell-crank levers, with their arms separated by a long hub, 
so as to lie in different planes. They introduce no new 
principle. Fig. 15 shows the general construction of a lever 
of this kind. 


18. Slow-Motion Mechanism.—A mechanism consist- 
ing of two connected levers, or of a crank and lever, is 
sometimes used to secure slow motion in one of the levers. 
Such an arrangement is shown in Fig. 16 where two levers, 


a eee 
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a and 6, are arranged to turn on fixed centers and are con- 
nected by the rod 7. The lever a is actuated by the handle % 
secured to the same shaft. If # and the lever a be turned 
counter-clockwise, the lever 4 will turn clockwise, but with 
decreasing velocity, which will become zero when the lever a 
and the rod ~ lie in the same line. Any further motion of a 
will cause 4 to return toward its first position, its motion 
being slow at first and then faster. 

To obtain the greatest advantage, the lever 4 should be 
so placed that it will occupy a position perpendicular to the 
link y at the instant when a and ¢ are inline. To lay out 
the motion, therefore, supposing the positions of the centers 
and lengths of the levers to be known, describe the arc BA 
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about the center O, with a radius equal to the length of the 
lever 6. Through C, the center of the lever a, draw the line 
MN tangent to the arc just drawn; 7 and a must then be in 
line along the line 47 XN, and the lever 6 must be perpendicu- 
lar to this line when in position 6,. Generally, there will be 
a certain requited amount of movement for the lever 6. To 
secure this, draw 6 in its extreme left-hand position; then 
with C as a center and a radius equal to the length of a, 
draw the arc £D. Set the compasses to the length 4D, 
and from B as a center draw an arc cutting the arc ED 
at &. C£ will be the second position of the lever a. In 
this combination, if the parts were proportioned to allow a 
to rotate like a crank, ~ and a would come into line twice 
during each revolution. 

This mechanism has been used to operate platen printing 
presses, in which oscillation of the handle 4 moves the platen 
to and from the type through the lever 4. It is also used to 
operate the exhaust valves in Corliss engines. 


THE STEAM-ENGINE MECHANISM 


19. Relative Positions of Crank and Crosshead. 
The frame, connecting-rod, crosshead, and crank of a steam 
engine form what is called a four-link slider-crank 
mechanism. This mechanism is shown in diagrammatic 
form in Fig. 17, with the frame at a, the crank at 4, the 
connecting-rod at c, and the crosshead at Y. It is custom- 
ary to speak of these parts as links, the frame a being 
termed the fixed link, since it is stationary, and the motions 
of the other links are considered with respect to the fixed 
link. The crank rotates about the point O with a uniform 
motion, and the crankpin £& describes the crankpin circle. 
The crosshead moves to and fro in a straight line, and the 
connecting-rod has a rather complex motion, since one end 
moves in a circle, while the other reciprocates in a straight 
line. The object of this mechanism is to transform the 
to-and-fro motion of the piston and crosshead into con- 
tinuous rotary motion of the crank and shaft, and thereby 
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enable the energy of the steam to be utilized in doing 
useful work. 

In the study of the steam-engine mechanism, there are 
two points to be investigated: (1) the position of the cross- 
head, or piston, in the case of the actual engine, for any 
crank position; and (2) the velocity of the crosshead or 
piston at any position of the crank. In Fig. 17, let m be 
the crankpin circle. From the dead centers F and G, with 
a radius equal to the length DF of the connecting-rod, 
draw arcs at H and &. Then # and & are the extreme 
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positions of the crosshead pin. To find the position of the 
crosshead for any crank position, as, for example, OZ, take 
Z as acenter, and with a radius equal to DZ draw an arc 
cutting Hk at VM. Then J is the position of the crosshead 
when the crank is at OZ. To find the position of the crank 
for a given crosshead position, as A, take R as a center, 
and with D£ as a radius draw an arc cutting the crankpin 
circle at S and 7. Then, when the crosshead is at R the 
crank may be at O.S or at O7, 


20. Relative Velocities of Crosshead and Crank- 
pin.—The crankpin moves with a practically uniform 
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velocity, while the crosshead has a variable velocity. Start- 
ing from rest, at the beginning of the stroke, the velocity of 
the crosshead increases to a maximum, and then decreases 
to zero at the end of the stroke before starting on the return. 
When the velocity of the crankpin is known, the velocity 
of the crosshead can be easily determined for any crank 
position. In Fig. 17, produce the center line OF of the 
crank indefinitely, and at D erect a line perpendicular to H O. 
This perpendicular will intersect the center line of the crank 
at a point U, which, according to Art. 9, is the instantaneous 
center for the connecting-rod D £, since the points D and £ 
are rotating, for the instant, about U. For the instant, then, 
the linear velocities of D and & are proportional to their 
distances from U, since the linear velocities of points in a 
rotating body are proportional to their radii. Hence, 
the linear velocity of FE _ _ UE 
the linear velocity of D UD 

Extend the center line of the connecting-rod until it 
intersects the vertical line OL at V. By geometry, it may 
be proved that the triangle Y/Y OF is similar to the tri- 
angle DUE, and that their corresponding sides are pro- 
portional. That is, 

OF. -§ UE — the linear velocity of £ 
OV UD the linear velocity of D 

Therefore, the velocity of the crankpin is to the velocity of 
the crosshead as the length of the crank ts to the intercept that 
the connecting-rod, or the connecting-rod produced, cuts off on the 
perpendicular through the center of the main bearing. 


21. Velocity Diagrams for Crosshead.—The con- 
clusion reached in the last article may be used in constructing 
a diagram that will represent the velocities of the crosshead 
at different points of its travel. Such a diagram is shown 
by the curve 1-2/—3’, etc., Fig. 18. 

It is assumed that the crankpin of an engine moves with 
a constant velocity, and the length 4 B of the crank may be 
assumed to represent, to some scale, this velocity. Then, 
by placing the center of the crosshead pin in each of the 
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positions 1, 2, 3, etc. and extending the center lines of the 
corresponding connecting-rod positions until they intersect 
the vertical line 4C, the points 1”, 2’, 3’, etc. are located. 
At the position 7, the velocity of the crosshead is zero, and at 
the position 2 its velocity is represented by the distance A 2”. 
This distance is laid off vertically above 2, making 2-2/ 
= A2"”, Similarly, the distances 3-3’, 4-4’, etc. are equal, 
respectively, to 43”, A 4", etc., and represent the velocities 
of the crosshead at the points 3,4, etc. By locating from 
eight to twelve crosshead positions, enough points will be 
obtained to permit a curve to be drawn through them, and 
this curve 1—2/—3’—4’, etc. is the velocity diagram of the 
crosshead. The height of any point on this curve above the 
horizontal line 7-10 gives the velocity of the crosshead, and 


hence of the piston also, for the corresponding position of 
the crank, to the same scale that the length of the crank 
represents the linear velocity of the crankpin. 

Instead of laying off the velocities vertically above 1-10, 
they may be laid off on the corresponding crank positions. 
That is, in the position 4A D of the crank, the velocity 4 4 
of the crosshead is laid off equal to 4-5”; on AF, the 
velocity AG is laid off equal to 4-2”; and so on for each 
crank position. By taking several crank positions, a number 
of points, 4,G,, etc., are obtained, through which a 
smooth curve m may be drawn. This curve is then the dia- 
gram of crosshead velocities for the forward stroke. 

To determine the crosshead velocity at any position of the 
crank, simply draw the crank in the desired position and 
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note the distance from the center 4 to the point where the 
crank-line intersects the curve m. For example, if the crank 
is at 4H, AK represents the corresponding crosshead 
velocity. If, now, the crosshead velocities be determined 
for the positions 10 to 1.on the return stroke, they will be 
found to be equal to the corresponding velocities on the for- 
ward stroke. Hence, if the curve z is plotted in the same 
manner as m, but below the center line, as shown, it will 
represent the velocity diagram for the return stroke. More- 
over, the two curves m and x» will be exactly alike, and 
will be symmetrical with respect to the center line. The 
curve i{-4/—7/-10 may also be used to find the crosshead 
velocity at any point on either stroke. 


22, Crank and Slotted Crosshead.—lIf the connect- 
ing-rod in Fig. 17 be increased to a very great length, an 
arc drawn through Z will be nearly a straight line coinci- 
ding with Z O, and the horizontal movement of the crankpin 
will, therefore, be practically the same as that of the cross- 
head. If the connecting-rod were increased to an infinite 
length, the two movements would be exactly the same. 
Fig. 19 shows the 
erank and slotted 
crosshead mechanism 
by which this is ac- 
complished. Con- 
sider the crank 04 as 
the driver. The crank- 
pin 6 is a working fit 
in the block 7, which 
is arranged to slide in 
the slotted link 7. The rods f and / are rigidly attached to 
the link, and are compelled to move in a straight line by the 
guides g,g’. As the crank rotates, the rods f and / are given 
a horizontal motion exactly equal to the horizontal motion of 
the pin 4. If the erank rotates uniformly, the motion of the 
sliding rods is said to be harmonic, and the mechanism 
itself is often called the harmonic-motion mechanism. 
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Harmonic motion may be defined as the motion of the foot 
of a perpendicular let fall on the diameter of a circle from a 
point moving with uniform velocity along the circumference. 


23. The Togglejoint.—The togglejoint, shown in 
Fig. 20, is a mechanism for producing a heavy pressure by 
the application of a small effort. It will be seen that it 
resembles the steam-engine mechanism with crank and con- 
necting-rod of about the same length. The effort / is 
applied at the joint @ and the resistance P at the slide. 
The mechanical advantage, that is, the ratio of resistance 
to effort, depends on the angle between the links. It is 
evident that the point Q is the instantaneous center of 

motion of the link 
AB. Now, as the 
angle 4 BO becomes 
smaller, that is, as 
the links approach 
the position in which 
they would form a 
straight horizontal 

Fic. 20 line, the center QO 
moves toward the joint 4, and the velocity of 4 relative to 
that of & grows less. 

Since Q is the instantaneous center and Q424 is per- 
pendicular to the direction of the force P, the product 
PX QA is the moment of P about 0. The moment of - 
about Q is *X OC. Considering the mechanism to be, for 
the instant, in equilibrium, and neglecting friction, PX OA 
=r Oe OL 


= Qc 
Vie ad 4 OA () 

This formula may be used to calculate the pressure P when 
the force acts vertically at B. 

If the force acts at some other point than #2, as, for 
example, 7’ at £, it becomes necessary to find the equiva- 
lent pressure at the joint 8. Assuming that A’ and F are 
parallel, and taking moments about O, F’X OD = Fx OG, 
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oni =F! oe But, oe = os, since the triangles OGB 
and ODE aresimilar. Hence, 7#= /’ x ce Substituting 


this value of Fin formula ],,. 


ee EOL (95 
OBLGO A 

In case the force acts other than vertically, it is necessary 
to find its vertical component, which, when substituted 
for / or /’ in the proper formula, will give the value of P. 
The distances QC and QA will vary according to the posi- 
tion of the toggle. However, by laying out the mechanism 
accurately to a fairly large scale, these distances may be 
measured with sufficient accuracy, so that the pressure P may 
be calculated for any position. 

EXAMPLE 1.—In Fig. 20, let /equal 80 pounds; QC, 24 inches; and 
QA, 5 inches; find the pressure P. 

SoLution.—Applying formula 1, 


P= 80 x 2 = 384 lb. Ans. 


EXAMPLE 2.—In a togglejoint like that shown in Fig. 20, the 
force F’ is 32 pounds; O B, 12 inches; OZ, 30 inches; QC, 30 inches; 
and QA, 6 inches; what is the pressure P? 

So.tution.—Applying formula 2 and substituting the values given, 


Pe 4001. Ans, 


12x 6 


EXAMPLES FOR PRACTICE 


1. In Fig. 20, if QA is 8 inches and QC is 36 inches, what force 
must be applied vertically at B to produce a pressure P of 180 pounds? 
Ans, 40 lb. 


2. Ina togglejoint similar to that in Fig. 20, the arms OB, A B, 
and BQ are equal, each being 14 inches in length; the height BG is 
4 inches; and the force / is 2,800 pounds. Find the pressure P, 
remembering that CQ equals GA, and that the triangles O& G and 
O QA are similar. Ans. 4,695.74 Ib. 


8. If, in Fig. 20, OZ is 21 inches; QC, 24 inches; OB, 16 inches; 
and QA, 6 inches; find the pressure P when the vertical force /7’ 
is 88 pounds. Ans. 462 lb. 
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4, In case a force F of 200 pounds, Fig. 20, should act at right 
angles to OB at B, find the pressure P when QC equals 32 inches; 
Q A, 8 inches; and OQ, 60 inches, remembering that the angle that / 
makes with the vertical is equal to the angle QO A. 

Ans. 793 lb., nearly 


5. A point revolves about an axis at a speed of 4,200 feet per 
minute; if the point is 5 feet from the axis, what is its angular velocity 
in radians per second? Ans. 14 radians per sec. 


6. The angular velocity of a point is 25 radians per second and its 
distance from the axis of revolution is 8 feet; what is its linear velocity? 
Ans. 200 ft. per sec. 


7. A flywheel having an outside diameter of 24 feet makes 56 revo- 
lutions per minute; find the angular velocity of the wheel, in radians 
per second. Ans. 5.86 radians per sec. 


QUICK-RETURN MOTIONS 

24. Vibrating-Link Motion.—Quick-return 
motions are used in shapers, slotters, and other machines, 
where all the useful 
work is done during 
the stroke of a recip- 
rocating piece in one 
direction. During the 
working stroke, the 
tool must move at a 
suitable cutting speed, 
while on the return 
stroke, when no work 
is performed, it is de- 
sirable that it should 
travel more rapidly. 
The mechanism shown 
in Fig. 21, known as a 
vibrating-link mo- 
tion, is applied to 
shaping machines 
operating on metal. 
Motion is received 
from the pinion £, 
which drives the gear g. The pin d is fast to the gear, and 
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pivoted to it is the block /, which is fitted to the slot of the 
oscillating link CD. As the gear rotates, the pin describes 
the circle dedc, the block slides in the slot of the link CD, 
and causes CJ to oscillate about the point D, as indicated by 
the arc CC’, the path ofthe joint C. The rod / connects the 
upper end of the link with the tool slide, or ram, 7, which is 
constrained by guides (not shown) to reciprocate in a straight 
horizontal line. 

During the cutting stroke, the pin 6 travels over the 
arc dc6, or around the greater arc included between the 
points of tangency of the center lines C’/D and CD. During 
the return stroke, the pin passes over the shorter arc ded 
and as the gear g¢ rotates with a uniform velocity, the time, 
of the forward and return strokes will be to each other as the 
length of the arc dcé is to the length of the arc ded. The 
throw of the slotted link and the travel of the tool can be 
varied by the screw s, which moves the block ¢ to and from 
the center of the gear. The rod /, instead of vibrating 
equally above and below a center line of motion, is so 
arranged that the force moving the ram during the cutting 
stroke will always be downwards, causing it to rest firmly on 
the guides. 


25. To lay out the motion, proceed as follows: Draw 
the center line S 7, Fig. 22, and parallel to it the line m7, 
the distance between the two being equal to one-half the 
longest stroke of the tool. About O, which is assumed to 
be the center of the gear, describe the circle ddc with a 
radius equal to the distance from the center of the pin 6 to 
the center of the gear g, Fig. 21, when set for the longest 
stroke. Divide the circumference of the circle at 6 and d into 
upper and lower arcs extending equally on each side of the 
center line S 7, and such that their ratio is equal to that of 
the times of the forward and return strokes. In this case the 
time of the forward stroke is double that of the return stroke, 
and the circle is divided into three equal parts, as shown 
at 6,d, and c, thus making the arc dé equal to one-half the 
arc dc. Draw the radial lines O48 and Od. Through 6 
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draw CD perpendicular to O46; the point D where it inter- 
sects SZ will be the fulcrum, and the point C where it 
intersects m2 the upper end of the slotted lever. Through C 
draw the horizontal line CC’, making C’& equal to CE&. 
Draw C’D, which will be tangent to the circle at d, thus 
giving the other extreme position of the lever. 

To plot the motion, draw the center line of motion RL 
through the point at which the connecting-rod attaches to 
the tool slide. Divide the circle dc 4 into a number of equal 
parts, as 1, 2, 3, etc., and from ZY draw lines through these 
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points, extending to the arc C’C. Number the points of 
division on the circle, and give corresponding numbers to 
the points of intersection on the arc C’C. With these last 
points as centers, and with a radius equal to the required 
length of the connecting-rod /, in Fig. 21, strike arcs cutting 
the line RZ and number these intersections so that they will 
correspond to the other points. In Fig. 22, assuming. the 
gear to turn with.a uniform motion, the tool slide will move 
along RZ from point 7 to 2 during the first one-twelfth 
of a revolution; during the next one-twelfth revolution, from 
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point 2 to 3, etc., on the forward stroke. On the return 
stroke, from point 9 to 10, 11, 12, and 1, the motion is much 
less uniform. 

A property of this motion is that, as the radius O4 is 
diminished to shorten fhe stroke, the return becomes less 
rapid, as can be seen from the figure by comparing the 
motion when O4 is the radius with the motion when O03’ is 
the radius. 


26. Whitworth Quick-Return Motion.—This mech- 
anism is shown in principle in Fig. 28. The pin 4, inserted 
in the side of the gear /, gives motion to the slotted 
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link CD, as in the vibrating link motion. This motion 
closely resembles the previous one, the difference being that 
the center D of the slotted link lies within the circle described 
by the pin 4, while in the previous case it lies without it. 
To accomplish this result, a pin f is provided for the gear 
to turn on, and is made large enough to include another 
pin JY placed eccentrically within it, which acts as the center 
for the link CD. With this arrangement, the slotted link, 
instead of oscillating, follows the crankpin during the com- 
plete revolution, and thus becomes a crank. The stroke 
line RZ passes through the center DY, which is below the 
center O of the ping. The forward or working stroke occurs 
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while the crankpin } passes over the arc deg, and the quick 
return occurs while it travels over the arc ged. During each 
of these intervals, the link CD completes a half revolution, 
and, consequently, must move more rapidly, while the crank- 
pin describes the shorter arc ged. 


27. To proportion the motion, it is only necessary to so 
locate the stroke line RZ that it will divide the crankpin 
circle dc ge into two arcs, dcg and ged, in the ratio of the 
times of the forward and return strokes... The point Y where 
this line cuts the center line S 7 is the position for the 
center of the slotted crank. The motion is plotted as in 
Fig. 24. Divide the crankpin circle dcge into a number 
of equal parts. From the center of the slotted crank, draw 
radial lines through these points to the outer circle, which 
represents the path of pin C, Fig. 23, using the latter points of 


intersection as centers, and, with a radius equal to the 
length of the connecting-rod, strike off points on the stroke 
line, which will show the movement of the tool for equal 
amounts of rotation of the driving gear. 

Fig. 25 shows the mechanism as practically constructed. 
The gear g is driven with a uniform velocity in the direction 
of the arrow by the pinion 2. It rotates on the large pin 4, 
which is a part of the frame of the machine, and carries the 
pin 6 which turns in the block & This block is capable of 
sliding in a radial slot in the piece /, as is shown in the 
sectional view. This piece f is supported by the shaft da, 
which turns in a bearing extending through the lower part 
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of the large pin. The line R Z drawn through the center of d 
is the line of motion of the tool slide. The connecting-rod 
that actuates the tool slide is pinned to the stud c, which in 
turn is clamped to the piece f. 


28. The radial slof ¢, in Fig. 25, holds the stud c, to 
which the connecting-rod is attached; the slot provides for 
the adjustment of the length of the stroke, and if the point 
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of attachment of the rod to the tool slide is also made 
adjustable, the fosztzon of the stroke, as well as its length, 
can be changed. Thus, in the case of a shaping machine, it is 
not only desirable to regulate the dzstance passed over by the 
tool, but to have the stroke extend exactly to a certain point. 
These two adjustments are often required in mechanisms 
where reciprocating pieces are employed, 


STRAIGHT-LINE MOTIONS 


29. Parallel Motion.—A parallel motion, more 
properly called a straight-line motion, is a link mecha- 
nism designed to guide a reciprocating part, as a piston rod, 
in a straight line. In the early days of the steam engine, 
parallel motions were extensively used to guide the pump 
and piston rods; but they are now seldom met with, except 
on steam-engine indicators, where they are employed to give 
a straight-line motion to the pencil. Very few parallel 
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motions produce an absolutely straight line, and it is custom- 
ary to design them so that the middle and two extreme posi- 
tions of the guided point will be in line. 


80. The Watt Parallel Motion.—The best-known 
motion is the one shown in Fig. 26, which was invented by 
James Watt in 1784. The links 48 and CD turn on 
fixed centers 4 and DY. The other ends B,C are connected 


SC; 
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by the link CB, which has the point O so chosen that it will 
pass through three points O,, O, O, in the straight line S.S 
perpendicular to the links CD and A & when in their middle 
positions. When the point O is at the upper extremity of 
its motion at O,, the linkage assumes the position 4 B, C, D; 
at the lower extremity it assumes the position 4 B, C, D. 
Having given the length O, O, of the stroke, the middle 
position O of the guided point, the center of one lever A, 
and the perpendicular distance between the levers when in 
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mid-position, the motion may be laid out as follows: Let 
SS be the path of the guided point, O its middle position, 4 
the given center, and 4 8 and CVD indefinite parallel lines, 
representing the middle positions of the levers. From m, 
where 4 8 intersects SS, lay off on SS the distance ma, 
equal to one-fourth of the stroke. Join A with a and draw 
an indefinite line @ &, perpendicular to Aa. The point B, 
where a & intersects line 4 BZ, is the right-hand extremity of 
lever A&B, and the lower extremity of the link CB. The 
point Cis obtained by drawing an indefinite line through B 
and O; this intersects the line CD in the required point. 
To find the center D, lay off 76 equal to one-fourth stroke; 
connect C and 4, and from 6 draw an indefinite line perpendic- 
ular to C4; the center will be at its intersection with CD. 

If the positions of both centers should be known, mark 
points a and 6 as before. Draw Aa and 6D, and through 6 
and a draw perpendiculars tc these lines; the points B and C, 
where they intersect the center lines of the levers, are the 
extremities of these levers. Join & and C by the link BC, 
and the point O, where the center line of this link cuts the 
line of motion .S.S, is the position of the guided point O on 
the link BC. 


UNIVERSAL JOINT 


31. Hooke’s coupling, or the universal joint, shown 
in Fig. 27, is used to connect two shafts, the center lines of 
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which are in the same plane, but which make an angle with 
each other. It is generally constructed in the following 
manner: Forks f,f are fastened to the ends of the shafts a 
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and 6, and have bosses c,c tapped out to receive the 
screws s,s. The ends of these screws are cylindrical, and 
are a working fit in corresponding bearings in the ring 7. 
The details of construction may be seen in the right-hand 
part of this figure. In heavy machinery, the forks are forged 
and welded to the shafts. The ring 7 furnishes an example 
of spherical motion, and the point of intersection of the two 
axes is the center. The motion transmitted by the universal 
joint is not uniform; that is, if the driving shaft turns uni- 
formly, the driven shaft will make the same number of 
revolutions, but it will have alternately greater and less 
angular velocities at different points of a single revolution, 
and there are only four positions of the joint in one revolu- 
tion in which the two shafts have the same speed. 


32. The maximum and minimum speeds may be found as 
follows: In Figs. 28 and 29, let 7 be the driving shaft and z the 
driven shaft, the center lines of both shafts being in the plane 
of the drawing; also, let the center lines of the two shafts 
intersect at O, and denote by e the acute angle between 
them. In Fig. 28, the fork of the shaft 2 is in the plane of 
the two shafts, and in this position it is evident that the 


plane of the ring connecting the two forks is perpendicular 
to the shaft z, for in this position both arms SS’ and R 2’ 
are perpendicular to z. 

From formula 2, Art. 11, v = rw; that is, the linear 
velocity ofa rotating point equals the radius times its angular 
velocity. Let v denote the linear velocity of the point 5S, 
and w, the angular velocity of the shaft 2; then, since S$ 
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is at a distance OS from the shaft ~, the linear velocity 
equals OS times the angular velocity of z, or v = OS 
xX w,. Now, when the ring is in this position, it is moving, 
for the instani, as if it were rigidly attached to shaft m, and 
hence S may be considered for this instant as a part of m. 
From \S, therefore, let the perpendicular S 7 be dropped on 
the shaft #2, and since the velocity of S is v, the relation of 
the linear velocity to the angular velocity w,, of the shaft 
isv= S7Xw,. But, as the linear velocity v of the point S 
is the same in both cases, . 


ae ks 
OS pp = So inl —— m =e 
S< a X Wm, OF W OX Os 
But in the triangle OS 7, oe = cos OS 7, and the angle 
OS 7 keeps changing as the shafts revolve. Let x denote 
this variable angle OS 7. Then, aa = COS oh, Aine 
Wyn = Wm X COS X (1) 


When the fork on 7 is in the plane of the shafts, as in 
Fig. 29, the same course of reasoning will apply. Hence, 


ne 


panthis position, v= O77 <w, andy = AZ xX w, There- 
fore ek. Ss = OK XW, OF 


These two formulas give the extremes of angular velocity 
of the driven shaft, formula 1 being for the minimum, and 
formula 2 for the maximum, angular velocity of z. 
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383. From the foregoing formulas, it is apparent that 
when the shaft # rotates at a uniform speed, the shaft z is 
given a variable speed, which is alternately less and greater 
than the speed of the driving shaft. However, there are four 
positions in each revolution at which the angular velocities 
of the driving and driven shafts are equal, and these are the 
positions in which the distances of the points S or R from 
the two axes are exactly equal. In the positions shown in 
Figs. 28 and 29, the angles e and x are equal, and the driven 
shaft z has its least and greatest angular velocities, respect- 
ively. If the driving shaft rotates uniformly, the least speed 
of the driven shaft is equal to the speed of the driving shaft 
multiplied by the cosine of the angle between the two axes, 
and the greatest speed is equal to the speed of the driver 


multiplied by a Thus, if the shafts revolve at the rate 
cos & 


of 100 revolutions per minute, and the angle e between them 

is 80°, the least speed of the driven shaft will momentarily 

be 100 x cos 80° = 100 X .866 = 86.6 revolutions per min- 
100 100 


ute, and the greatest d, = = 115.47 lu- 
e greatest spee ae Ge 366 revolu 


tions per minute. 


34. To obviate the variation in angular velocity, the 
double universal joint is used, as shown in Fig. 30. Let 


Fic. 30 


a and 6 be the two shafts to be connected. Draw their 
center lines, intersecting at O and bisect the angle 4 23 by 
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the line OC. The center line 17N of the connecting shaft d 
must now be drawn perpendicular to OC. Care must be taken 
that the forks on the intermediate shaft lie in the same plane. 
Thus constructed, a uniform motion of a will result in a 
uniform motion of the driven shaft 4, though the inter- 
mediate shaft will have a variable motion. Let x = angle 
between a and d = angle between d and 4, and denote the 
three angular velocities by w., wz, and w;. Then, with the 


: : w w il 
forks as shown in the figure, —2 = cos x, and —2 = ——., 
. Wa We  COSx 
Multiplying, 
w w 1 w 
—2x =* = cos x X —— , or — = 1, whence w = wz 
We Wa cos x Wa 


It can be proved that this law holds good for all positions. 

If, therefore, the torks on the intermediate shati ave in the 
same plane, and the intermediate shatt makes the same angle 
with the driving and driven shatts, the angular velocity of the 
driven shatt ts equal to that of the driving shatt. 

This arrangement is often employed to connect parallel 
shafts, as would be the case in Fig. 30 if OB took the direc- 
tion SZ. In such a case it makes no difference what the 
angle x is, except that, if the joints are expected to wear 
well, it should not be too great. If the forks of the inter- 
mediate link d are at right angles, the variation of motion of 
the shaft 4 is greater than in the single coupling. In this case, 
the greatest and least angular velocities of B would be, 


respectively, ws X 1 ANG" 27x COS X. 
cos 
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ROLLING CURVES AND SURFACES 


1. Direct-Contact Transmission.—Of the various 
ways of transmitting motion from one machine part to 
another, that by direct contact is the most common. That 
is, a surface of one of the parts is in contact with a similar 
surface of another part, and the motion of the first causes 
the motion of the second. In Fig. 1, for example, the 
parts a and 6 are in con- 
tact at P and the rotation 
of a in the direction shown 
by the arrow will cause a 
rotation of 6 in the same 
direction. 


2. Condition of 
Rolling.—The relative 
motion of the two bodies 
in contact may be: (a) 
sliding motion; (6) roll- 
ing motion; (c) combined sliding and rolling motion. When 
the point of contact P is not situated on the line joining the 
centers of rotation 17 and J, there will be sliding; but when, 
as in Fig. 2, Plies in the same line with 47 and J, the bodies 
will roll on each other without sliding. The condition for 
rolling, therefore, is that the point of contact shall lie in the 
line of centers. : 
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3. Nature of Rolling Curves.—In order that two 
curves may rotate about fixed points and roll together, the 
curves, known as rolling curves, must be specially con- 
structed to give the required motion. A pair of logarithmic 
spirals, the curves CPE and DPF of Fig. 2, will roll 
together about axes through their foci. But these are not 
closed curves; that is, 
it is impossible to start 
from any point on the 
curve and, by following 
its outline in one direc- 
tion, return to the start- 
ing point. Hence, the 
curve CP, Fig. 2, can- 
not be used to transmit 

Fic. 2 motion continuously to 
the curve D PF when revolving in one direction, but it may 
reciprocate through a partial revolution, and the two curves 
will remain in contact. On the other hand, a pair of closed 
curves, as the circles shown in Fig. 8, will roll in contact 
and may turn continuously in one direction. Two equal 
ellipses, Fig. 4, will roll together if the distance between the 
axes of rotation is equal to the length of the major axis. 
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4. Angular Velocity Ratio.—In Fig. 1, let a line x be 
drawn through P at right angles to the common tangent # 
to the two curves. A line like this, perpendicular to the tan- 
gent, is called the normal to the curve at the given point. 
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Let Q denote the point in which this normal ~ cuts the line 
through the centers 47 and 4; then it can be proved, by a 
rather difficult process, that the segments 7 Q and VQ are to 
each other inversely asthe angular velocities of a and 4; 
that is, 

angular velocity of 6 _ MQ (1) 

angular velocity of a WO 


This is a general rule that applies to all cases of transmis- 
sion by direct contact. 

In Figs. 2, 3, and 4, the normal must cut the line 17M in 
the point P itself; hence, for cases of pure rolling, 


angular velocity of 6 = MP (2) 
angular velocity of a INAV es 
When the radii 17 P and VP remain constant throughout 
the entire revolution, as in the case of circular gears, and the 


motion of the gears is uniform, the angular velocities may 
be measured in revolutions per minute. 


Let V. = angular velocity of a, in revolutions per minute; 
and 
WN; = angular velocity of 6, in revolutions per minute. 


Then formula 2 becomes 
NEE (3) 


When P lies between J7 and JX, as in Figs. 2, 8, and 4, 
the curves a and 4 rotate in opposite directions. If Q or P 
lies outside of JZ, as in Figs. 1 and 5, 
they rotate in the same direction. 

When the rolling curves are circles, as 
in Figs. 3 and 5, the point of contact P 
will always be at the same distance from 
the centers J7 and A; but for any other 
forms of curves, the position of P will 
change. It follows that the velocity Fic. 5 


ratio, that is, the fraction Ny is constant for rolling circles, 


a 


but is variable in other cases. Thus, in Fig. 4, suppose a 


Nee 
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to rotate clockwise about 17 with a constant number of rev- 
olutions per minute. As the rotation proceeds, the point P 


1 MATE? : 
moves toward J, the ratio WP increases, and in consequence 


the angular velocity of 4 increases and attains its maximum 
value when P is nearest to 4. 


5. Rolling Cones.—While the bodies represented in 
Figs. 1 to 5 are shown as plane figures rotating about fixed 
points, they are, in reality, representa- 
tions of solids with definite thicknesses 
rotating about parallel axes. Cases of 
parallel axes of rotation are the most 
common, but frequently non-parallel 
axes must also be used. Let O// and 
ON, Fig. 6, be two axes of rotation in- 
tersecting in the point O; if on these 
axes are constructed two frustums of 
cones, a and 34, respectively, these 
cones will roll together and one will 
transmit motion to the other. 

Assuming that there is no slipping, the velocity ratio may 
be found in the same manner as for rolling cylinders. At £, 
for example, the circles forming the bases of the frustums 
are in contact, and the velocity ratio is — Le a since the 

Nz EB 
angular velocities are inversely proportional to the radii. 
Ns 


a 


Similarly, at any other point, as F, the velocity ratio is — 


= —.—. But since triangle O C F is similar to triangle O 4 EZ, 


and triangle ODF is similar to triangle OBZ, EA: FC 
= Of:>OF, and EB?SFD = OF OF. so. that £4- FG 
EB:FD; from which, by transposing, £A:EB 
tT Cet) ae bats, oa = = which means that, for a 
pair of cones running in contact without slipping, the 
velocity ratio is constant and is equal to the inverse ratio 
of the corresponding radii at any point. 


il 
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GENERAL PRINCIPLES 


6. Positive Driving.—When motion is transmitted by 
friction gearing, that is, by cylinders or cones that roll in 
contact, there is more or less slipping of the contact surfaces; 
hence, when it is necessary to transmit motion with a definite 
and unvarying velocity ratio, friction wheels cannot be used, 
and some means must be employed to insure positive dri- 
ving. In the case of rolling wheels or cylinders, the circum- 
ferences may be provided with projections a,a, Fig. 7, and 
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with corresponding grooves 4,6, so that the projections of 
one wheel fit into the grooves of the other. Evidently the 
same number of these projections pass the line of centers ina 
given time on wheel & as on wheel 4, so that a given number 
of revolutions of the driver 4 causes a definite number of 
revolutions of the follower B. 

7. Condition of Constant Velocity Ratio.—The pro- 
jections on the rolling surfaces insure that the number of 
revolutions of the follower per minute or per hour is the 
same that would be obtained by rolling without slipping, but 
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the angular velocity from projection to projection will not 
be constant unless the bounding curves of the projections, 
or teeth, as they are called in gear-work, have certain forms. 
The shape of the tooth depends on the principle stated in 
Art. 4, namely, that when the driver and follower have direct 
contact, the angular velocities are inversely as the segments 
into which the line of centers is cut by the common normal 
at the point of contact. 

In Fig. 8,a pair of teeth m and z are attached to the parts 
a and 6 and are in contact at C. The common normal VV 
at C cuts the line of centers 4 2 in the point P; then if V, 
and V, denote the angular velocities of a and 0, respectively, 


In order, therefore, that this ratio of the velocities may be 
strictly constant, the point P must always lie in the same 
position on the line of centers. Hence the following law: 


Law.—J/n order that toothed wheels may have a constant 
velocity vatio, the common normal to the tooth curves must 
always pass through a tixed point on the line of centers. 


8. Pitch Surfaces and Pitch Lines.—In Fig. 8 let 
the circles e and /, with centers 4 and B, be the outlines of 
two rolling cylinders in 
contact at P. Let the 
tooth curves m and z 
be so constructed that 
their common normal 
shall always pass 
through P. The veloc- 
ity ratio produced by 
the rolling of these 
cylinders is precisely 
the same as that caused by the teeth # and x; for in the case 


of rolling cylinders the velocities are inversely proportional 
to the radii, that is, 
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The bounding surfaces e and f are called pitch surfaces, 
and the lines e and f are called pitch lines or pitch 
curves, or, in the case of circular gears, pitch circles. 
The point of tangency / of the pitch lines is called the 
pitch point, and it must lie on the line of centers. This 
is the meaning of the term as generally used by designers, 
and is the meaning intended wherever the term pztch point is 
mentioned in this treatise on gearing. In the machine shop, 
however, this term is frequently used in a different sense, 
being there considered as any point in which the tooth out- 
line intersects the pitch circle, as indicated in Fig. 9. 

In the case of circular pitch lines, the pitch point FP lies 
in a fixed position; but if the pitch lines are non-circular, 
as in the case of rolling ellipses, Fig. 4, the pitch point 
moves along the line of centers. In order to include non- 
circular wheels, the law of Art. 7 may be made general, as 
follows: 


Law.—Z/n order that the motion produced by tooth driving 
shall be equivalent to the volling of two pitch surfaces, the 
common normal to the tooth curves must at all times pass 
through the pitch potnt. 


The object, then, in designing the teeth of gear-wheels is 
to so shape them that the motion transmitted will be exactly 
the same as with a corresponding pair of wheels or cylinders 
without teeth, which run in contact without slipping. In 
actual work, two general systems of gear-teeth are used. 
The one is known as the zzvolute system and the other as the 
cyclotdal system, both of which will be discussed in succeeding 
paragraphs. 


9. Definitions.—Referring to Fig. 9, which shows part 
of a circular gear-wheel, the following definitions apply to 
the lines and parts of the tooth. 

The circle drawn through the outer ends of the teeth is 
called the addendum circle; that drawn at the bottoms of 
the spaces is called the root circle. In the case of non- 
circular gears, these would be called, respectively, the 
addendum line and the root line. 
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The addendum is the distance between the pitch circle 
and the addendum circle, measured along a radial line. The 
root is the distance between the pitch circle and the root 
circle, measured along a radial line. The term addendum is 
also frequently applied to that portion of a tooth lying 
between the pitch and addendum circles, and the term root 
to that portion of the tooth lying between the pitch and 
root circles. 
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The working surface of the addendum, that is, the part of 
the working surface outside of the pitch circle, is called the 
face of the tooth. The working surface of the root is called 
the flank of the tooth. 

The diameter of the pitch circle is called the pitch diam- 
eter. When the word diameter is applied to gears, it is 
always understood to mean the pitch diameter unless other- 


wise specially stated—as outside diameter, or diameter 
at the root, 
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The distance from a point on one tooth to a corresponding 
point on the next tooth, measured along the pitch circle, is 
the circular pitch. 

The fillet is a curve of small radius joining the flank of 
the tooth with the root circle, thus avoiding the weakening 
effect of a sharp corner. 


THE iINVOLUTE SYSTEM 


10. Production of the Involute Curve.—In general, 
the involute of any curve may be defined as the curve that 
is described by a point in a cord as it is unwound from the 
original curve, keeping the 
unwound portion of the cord 
straight. ‘Thus, suppose that 
a cord is wound around the 
curve a, Fig. 10, and let P be 
any point onthe cord. Then, 
as the cord is unwound, the 
point P will describe a curve 
m that is an involute of the curve a, P, A being the last 
position of the cord shown. 

In the case of an involute to a circle, it is convenient to 
conceive the curve described as follows: Suppose a, Fig. 11, 
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to be a circular pulley having a cord wound around it, and 
let the pulley be pinned at a fixed point O. At the end P 
cf the cord a pencil is attached, and there is a fixed groove 


te 
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or guide e tangent to the pulley at P. Suppose also that the 
pulley has attached to it a sheet of paper or cardboard c. 
Now take hold of the pencil and pull it along the groove e. 
The pulley and paper will thus be caused to rotate about 0, 
and the pencil will trace on the moving paper the involute 
P, P., or m. If now the pulley is turned backwards, so that 
the string is wound up, the pencil will move from P, to P 
and will retrace the curve ?, ?, on the moving paper, the 
point P, moving to P, its 
original position. 

Let ¢ be a tangent to 
the curve m at the point 
P;. From the manner in 
which the curve is pro- 
duced, it is evident that 
the tangent is perpendic- 
ular to PP,. Similarly, 
the tangent 7, at any other 
point Q, is perpendicular 
to QO,Q, and in general 
any tangent to the cir- 
cle a is a normal to the 
involute m. 


11. Involute Tooth 
Curves.—Let O and O’, 
Fig. 12, be the centers of 
two cylinders that are a 
short distance apart, and 

Fre. 12 DE acord that has been 
‘wound several times around them in opposite directions. If 
the cylinder D D’ be turned in the direction of the full arrow, 
the cord D £& will cause the cylinder £ 2’ to turn in the oppo- 
site direction, as shown by the full arrow, and points on the 
cord D £ will describe portions of the involute curve. In 
order to better comprehend this, imagine a piece of paper to 
be attached to the bottom of each cylinder, as shown, and that 
the width of each piece is the same as the distance between 
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the cylinders. Now, suppose that a pencil is attached to the 
cord at £, the point of tangency of the line D Z with the cylin- 
der ££’, in such a manner that it can trace a line on the piece 
of paper attached to the cylinder & Z’ if a proper motion be 
given to the cord D&. Turn the cylinder DD’ in the direc- 
tion of the full arrow, that is, rotate it counter-clockwise. The 
point & will travel toward the cylinder DD’ in the straight 
line &Y, and will gradually move away from the cylinder 
ELE’. During this movement, the pencil attached at & will 
trace on the piece of paper the involute curve m. In the 
same manner, if the pencil be attached at D and the cylin- 
der & E’ be rotated in the direction of the dotted arrow, the 
involute mm’ will be traced on the piece of paper attached to 
the cylinder DD’. Suppose that those parts of the pieces 
of paper to the right of the curve m and to the left of the 
curve m’ be removed, and that ~ Z’ be rotated until curve 
takes the position ed; also, that DD’ be rotated until 72’ 
takes the position @h, the two curves being in contact at & 
on the line DZ. The cord DZ, being tangent to the circle 
DY’, is normal to the involute g, and being also tangent 
to the circle 4 Z’, it is normal to the involute de. This 
would be true for any positions in which the curves de and 
gh could be moved into contact by rotating the cylinders. 
Moreover, this line DF always passes through a fixed 
point C on the line of centers. Therefore, de and gh are two 
curves whose common normal at the point of contact always 
passes through one fixed point C so long as the curves 
remain in contact. If, now, the pitch circles A A’ and BB’ 
be drawn through this point C, the motion transmitted by 
the involutes de and gf used as the outlines of teeth will 
be precisely equivalent to that produced by the rolling of 
these circles without slipping. 


12. Properties of Involute Teeth.—The circles D D’ 
and ££’, Fig. 12, to which DZ is tangent, are called base 
circles. It will be noted as a characteristic of involute 
teeth that the whole ‘of the face and the part of the flank 
between the pitch and base circles is a continuous curve. 
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For this reason, involute gears are sometimes called single- 
curve gears. 

If the centers O and O’, Fig. 12, be moved apart so that 
the pitch circles do not touch, the relative velocities of D D’ 
and ££’ evidently remain unchanged, since the cylinders 
are connected by the cord DZ. The curves described by 
the point & are also the same, because they are still involutes 
of the same circles. From this, it follows that the distance 
between the centers of involute gears may be varied with- 
out disturbing the velocity ratio or the action of the teeth— 
a property peculiar to the involute system. 

In Fig. 12 let 7 7’ be drawn through C at right angles to 
the line of centers O O’; then 7 7” is the common tangent to 
the pitch circles 4 A’ and B&#’. As already stated, the 
line ED is the common normal of the tooth curves, and is 
therefore the line of action of the pressure between the teeth. 
The angle between the common normal to the tooth surfaces 
and the common tangent to the pitch circles is called the 
angle of obliquity. In the case of involute teeth, this 
angle is constant. 


13. Angle and Are of Action.—The angle through 
which a wheel turns from the time when one of its teeth 
comes in contact with a tooth of the other wheel until the 
point of contact has reached the line of centers is the angle 
of approach; the angle through which it turns from the 
instant the point of contact leaves the line of centers until the 
teeth are no longer in contact is the angle of recess. 
The sum of these two angles forms the angle of action. 
The arcs of the pitch circles that measure these angles 
are called the arcs of approach, recess, and action, 
respectively. 

In order that one pair of teeth shall be in contact until the 
next pair begin to act, the arc of action must be at least 
equal to the circular pitch. 

The path of contact is the line described by the point of 
contact of two engaging teeth. In the case of involute gears 
the path of contact is part of the common tangent to the base 
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circles. The arc of action depends on the addendum, or what 
amounts to the same thing, on the length of the tooth. With 
short teeth, the arc of action must necessarily be small; and 
if a long arc is desired, the teeth must be made long. 


14. Standard Interchangeable Gears.—In order that 
two gears may run properly together, two conditions must 
be satisfied: (1) They must have the same circular pitch, 
and (2) they must have the same obliquity. If, therefore, 
all involute gears were made of the same obliquity, any pair 
of wheels having teeth of the same pitch would work properly 
together, and such gears would be said to be interchangeable. 

The tooth selected for the standard is one having an angle 
of obliquity of 15°; that is, in Fig. 12, angle 7CZ = angle 
CO’!H=15°. With this obliquity, then, in the triangle O/EC, 
Wee (ClCOS Gi) fom O Cecos: 15° =.966 OG: thatus: 
the radius of the base circle equals .966 times the radius of 
the pitch circle. The distance between the base circle and 
pitch circle is thus about one-sixtieth of the pitch diameter. 

In the interchangeable series of standard gears, the small- 
est number of teeth that a gear may have is twelve, for witha 
smaller number the arc of contact will be smaller than the cir- 
cular pitch, in which case one pair of teeth will separate before 
the next pair comes into contact, and the gears will not run. 


15. The Involute Rack.—A rack is a series of gear- 
teeth described on a 
straight pitch line. 
It is usually a metal 
Dat, in which the 
teeth are cut, al- 
though they may be 
cast. A rack, there- 
fore, may be consid- 
ered as a portion of 
the circumference of 
a gear-wheel whose 
radius is infinitely long, and whose pitch line may con- 
sequently be regarded as straight. 

ILT 374-5 


Fie. 13 


14 GEARING $12 


In the involute rack, Fig. 13, the sides of the teeth are 
straight lines making an angle of 90° — 15° = 75° with the 
pitch line #7. Thus, on the contact side, the tooth outlines 
are perpendicular to the line of action V4. To avoid inter- 
ference, the ends of the teeth should be rounded to run with 
the 12-tooth pinion. A pinion is a small gear meshing 
with a rack or with a larger gear. 


16. Involute Internal Gears.—An annular, or 
internal, gear is one having teeth cut on the inside of 
the rim. The pitch circles of an annular gear and its pinion 
have internal contact, as shown in Fig. 5. 


Fic. 14 


The construction of an annular gear with involute teeth is 
shown in Fig. 14. The obliquity of 15° is shown by the 
angle ZC, and the base circles A’ and DD?’ are drawn 
tangent to the line of action VN’, with O and O’, respect- 
ively, as centers. The addendum circle for the internal gear 
should be drawn through /, the intersection of the path of 
contact VA’ with the perpendicular OF drawn from the 
center of the pinion. The teeth will then be nearly or quite 
without faces, and the teeth of the pinion, to correspond, 
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may be without flanks. If the two wheels are nearly of the 
same size, points ¢ and d will interfere; this interference may 
be avoided by rounding the corners of the teeth. 


2 


THE CYCLOIDAL OR ROLLED-CURVE SYSTEM 


17. The Cycloid.—The name cycloid is given to the 
curve traced by a point on the circumference of a circle as it 
rolls ona straight line. Thus, in Fig. 15 the circle m rolls on 
the line 4 B, and the Cc 
point P on the cir- 
cumference traces the 
path ACB, whichis me 
a cycloid. The roll- 
ing, cirele is: “called 
the generating cir- 
ele, the point P the tracing point, and the line 4 @ the 
base line. 

If the base line 4 & is an arc of a circle, the curve traced 
by the point P is called an epicycloid when the generating 
circle rolls on the convex side, and a hypocyeloid when it 
rolls on the concave side. Fig. 16 shows an epicycloid, and 
Fig.17ahypocycloid. 

The one property 
of cycloidal curves 
that makes them 
peculiarly suitable for 
tooth outlines is that 
the common normal 

P E through the point of 
contact will always 
pass through the pitch 

A er } - point. “In Figs. 15, 

16, and 17, P is the 

tracing point in each case and £ is the point of contact of the 
generating circle and the line on which it rolls. Now, it is 
clear that the generating circle # is for the instant turning 
about & as a center, and the point P is therefore moving in a 


A E Fic. 15 B 


Cc 
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direction at right angles to PZ. In other words, the tangent 
to the curve at P is perpendicular to PZ, or PZ is normal 
to the curve. 

E A particular form of 

the hypocycloid is 

A B shown in Fig.18. The 

P generating circle m has 

c a diameter equal to the 

Fie. 17 radius of the circle z. 

In this case, a point P of m describes a straight line 4 CB, 
which passes through the cen- 
ter C of 2 and is therefore a 

diameter. E 


nN 


18. Generation of Tooth ( 
Outlines.—In Fig. 19 let a ~ 
and a, be two pitch circles in 
contact at A and suppose a 
third circle m to be in contact 
with them at &. If the circle 
m rolls on the outside of the Fie. 18 
circle a, the tracing point P describes the epicycloid B PA,. 
If, however, it rolls on the inside of circle a,, P describes the 
hypocycloid CPC,. Now let an arc of the curve BPA, be 
taken as the outline of the face of a tooth on a, and let an arc 
of the hypocycloid CPC, be taken as the outline of the flank 
of atoothona,. These curves are in contact at P, and, more- 
over, P£ is normal to each of them. Hence, the common 
normal through the point of contact passes through the 
pitch point, and the curves satisfy the condition required of 
tooth outlines. 

The one rolling circle 7 generates the faces of the teeth of 
a and the flanks of the teeth of a,. A second circle m,, rolling 
on the inside of a and on the outside of a,, may be used to 
generate the faces of gear-teeth for a, and the flanks for a. 
While not necessary, it is customary that the generating cir- 
cles shall have the same diameter. If a series of gears of the 
same pitch have their tooth outlines all generated by rolling 
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circles of the same diameter, any gear will run with any other 
gear of the series; that is, the gears are interchangeable. 


ae eee | 
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19. Size of Generating Circle.—In Figs. 20 to 22 is 
shown the effect of different sizes of 


generating circles on the flanks of 


Fic. 20 Fic. 21 Fic. 22 


the teeth. In the first, the generating circie has a diameter 
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equal to the radius of the pitch circle, the hypocycloid is 
a straight line, and the flanks described are radial. In the 
second, with a smaller circle, the flanks curve away from 
the radius, giving a strong tooth, and in the third, with 
a larger circle, the flanks curve inwards, giving a weak 
tooth, and one difficult to cut. It would seem, therefore, 
that a suitable diameter for the generating circle would be 
one-half the pitch diameter of the smallest wheel of the set, 
or one-half the diameter of a 12-tooth pinion, which, by com- 
mon consent, is taken as the smallest wheel of any set. 

It has been found, however, that a circle of five-eighths 
the diameter of the pitch circle will give flanks nearly 
parallel, so that teeth described with this circle can be cut 
with a milling cutter. For this reason, some gear-cutters 
are made to cut teeth based on a generating circle of five- 
eighths the diameter of a 12-tooth pinion, or one-half the 
diameter of a 15-tooth pinion. 

It is more common practice to take the diameter of the 
generating circle equal to one-half the diameter of a 12- 
tooth pinion rather than one-half the diameter of a 15-tooth 
pinion; this size, therefore, is taken in this discussion of the 
subject of gearing. 


20. Obliquity of Action.—Neglecting friction, the 
pressure between two gear-teeth always has the direction of 
the common normal. In the case of involute teeth, this 
direction is always the same, being the line of action ED, 
Fig. 12. With cycloidal teeth, however, the direction of the 
normal is constantly changing, and hence the direction of 
pressure between the teeth is likewise variable. In Fig. 19, 
let the tooth curves be just coming into contact at the 
point P. The direction of the pressure between them at 
that instant is PZ, since PZ is the common normal at P. 
As the gears rotate, however, the point of contact P 
approaches £, moving along the arc PP, Z, and the common 
normal P £, therefore, makes a greater angle with O, O, until, 
when P reaches 4, the common normal is at right angles 
to70):-O) 
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Beyond the point 4, the point of contact follows the 
arc / QO until the teeth leave contact, and the direction of the 
common tangent gradually changes from a position at right 
angles to O,O to the position EQ. Hence, with cycloidal 
teeth, the obliquity of the tooth pressure is greatest when 
the teeth first come in contact, decreases to zero at the pitch 
point, and increases again to a maximum at the final point 
of contact. As a rule, the greatest obliquity should not 
exceed 30°. 


21. Rack and Wheel.—In Fig. 23 is shown a rack 
and. 12-tooth pinion, 
Tooth outlines for the 
rack in the cycloidal 
system are obtained 
by rolling the gener- 
ating circles go’ on 
the straight pitch line 
BB; the curves are 
therefore cycloids. 
The generating cir- 
cle o passes through 
the center O of the =} 
pinion and rolls on Fic. 23 
the pitch circle A A, and therefore describes radial flanks. 


22. Epicycloidal Annular Gears.—Annular gears, or 
internal gears, as already explained, are those having teeth 
cut on the inside of the rim. The width of space of an 
internal gear is the same as the width of tooth of a spur 
gear. Two generating circles are used, as before, and if 
they are of equal diameter, the gear will interchange with 
spur wheels for which the same generating circles are used. 

In Fig. 24 is shown an internal gear with pitch circle 4 A, 
inside of which is the pinion with pitch circle B&. The 
generating circle 0, rolling inside of B&, will describe the 
flanks of the teeth for the pinion, and rolling inside of 4 A, 
the faces of the teeth, for the annular wheel. Similarly, the 
corresponding faces and flanks will be described hy o’. The 


ae 
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only special rule to be observed in regard te epityciedial 
iatermal gears is that the difference Detween the diameters 


Re Mt 
ef the pitch circles must be at least as great as the sem of 
aoc ee 

‘This is Meatrated be Pe Be 
@ & the pitch cele ef a2 
termal gear and $ that ef the 
pinten. Then, fer cerrect ac 
tea, the Gigereace J—¢ ef the 
Giameters must be at ast as 
gteat as ¢ the sum of the Gam 
eters ef the generating circles. 
Te take a Emitihe casa, Sep 
pese 2 t have 3S wet and & 
Breeth A wheel with adam. 
eter equal te D—Z as Dew 
Getted at ¢ week therefore, 
have S$— 2 = 12 teeth Im the Hiteott interchangeable 
system, this latter would be the smallest whee? of the series, 
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and the generating circles would be half its diameter. From 
this, it follows that, if D—d, the diameter of e, is not to 
be exceeded by the sume of the diameters of the genera- 
ting circles, 6 is the largest wheel that can be used with a. 
Hence, when the interchangeable system is used, the num- 
ber of teeth in the two wheels must differ by at least the 
number in the smallest wheel of the set. If it is desired, 
for example, to have 18 and 24 teeth, and the gears are 
to interchange, generating circles of half the diameter of a 
6-tooth pinion will be used, this being taken as the smallest 
wheel. 


23. Formerly, the cycloidal system was used almost 
exclusively, but in later years the involute system has largely 
taken its place. The distinctive features of the involute 
system lie in the great strength of the tooth and in the fact 
that the distance between the centers of two meshing gears 
may be varied somewhat without affecting the uniformity of 
the velocity ratio. The chief objection that has been raised 
against involute teeth is the obliquity of action, which causes 
increased pressure on the bearings. If the obliquity does 
not exceed 15°, however, this objection is not serious. 


PROPORTIONS OF GEAR-TEETH 


24, Circular Pitch.—The circular pitch of a gear has 
been defined as the distance between corresponding points 
on adjacent teeth measured along the pitch circle. It is 
obtained by dividing the circumference of the pitch circle 
by the number of teeth in the gear. If the circular pitch is 
taken in even dimensions, as 1 inch, # inch, etc., the circum- 
ference of the pitch circle will also be expressed in even 
dimensions; but the diameter will be a dimension that can 
only be expressed by a fraction or adecimal. Thus, if a gear 
has 40 teeth and a 1-inch circular pitch, the pitch circle has a 
circumference of 40 inches and a diameter of 12.732 inches. 


25. Diametral Pitch.—Ordinarily it is more conve- 
nient to have the pitch diameter a dimension easily measured, 


oe 
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and for this reason a new pitch, called the diametral pitch, 
has been devised. This pitch is not a measurement like the 


16 Pitch 
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circular pitch, but a ratio. 
It is the ratio of the num- 
ber of teeth in the gear 
to the number of inches 
in the diameter; or it is 
the number of teeth on 
the circumference of the 
gear for 1 inch of the 
pitch-circle diameter. It 
is obtained by dividing 
the number of teeth by 
the pitch diameter, in 
inches. 

For example, take a 
gear that has 60 teeth and 
is 10 inches in diameter. 
The diametral pitch is the 
ieeaKey eve (oil) dee, hb) == 60 
10 
= 6, and) the e@ear is 
called a 6-pitch gear. 
From the definition, it 
follows that teeth of any 
particular diametral pitch 
are of the same size, and 
have the same width on 
the pitch line, whatever 
the diameter of the gear. 
Thus if a 12-inch gear had 
48 teeth, it would be a 
4-pitch gear. <A 24-inch 
gear, to have teeth of 
the same size, would have 
twice 48 or 96 teeth, and 


96 + 24 = 4, the same diametral pitch as before. 
Fig. 26 shows the sizes of teeth of various diametral pitches. 
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26. Relation of Diametral to Circular Pitch.—The 
relation between the diametral and circular pitches of a gear 


may be readily 
Let C= 
A = 

= 


d= 


obtained. 


diametral pitch; 

circular pitch, in inches; 
number of teeth; 
diameter of pitch circle, in inches. 


TABLE 1 
CIRCULAR AND DIAMETRAL PITCHES 


; Circular Circular 4 
Diametral Pitch Pitch Diametral 
Pitch Inches Inches Pitch 
2 1.571 2 T5771 
25 1.396 . 1s 1.676 
23 1.257 ide 1.795 
23 1.142 13 1.933 
3 1.047 12 2.094 
at 898 lie 2.185 
4 785 13 2.285 
5 .628 11s 2.394 
6 ed ee 2.513 
7 449 176 2.646 
8 393 18 2.793 
9 349 176 2.957 
10 | 314 I 3.142 
II .286 té 3-351 
12 .262 3 3-590 
14 1224 Té 3.867 
16 .196 it 4.189 
18 B75 +3 4.570 
20 157 3 5.027 


The length of the circumference of the pitch circle is 7d 
inches; hence, from the definition of circular pitch, 


A= 


ma (1) 


nN 
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From the definition of diametral pitch, 


ee 
= — 2 
Pe (2) 
Multiplying these equations together, member by member, 
PNG eee acuval (3) 
n d 
Then, = @ andi (4) 
P g 5 


that is, the product of the numbers expressing the two 
pitches is z, and when one pitch is known, the other may 
be found by dividing z by the known pitch. 

EXAMPLE.—If the circular pitch is 2 inches, the diametral pitch is 


3.1416 + 2 = 1.571, nearly. If the diametral pitch is 4, the circular 
pitch is 3.1416 + 4 = .7854 inch. 


Table I gives in the first two columns values of the circular 
pitch corresponding to common values of the diametral pitch, 
and in the last two columns values of the diametral pitch 
corresponding to common circular-pitch values. 


27. Backlash and Clearance.—Referring to Fig. 27, 
¢# and s denote, respectively, the thickness of tooth and width 
of space measured on the pitch line. Evidently, ‘+s = p,, 

the circular pitch, and 

s must be at least equal 
- to ¢, in order that the 

tooth on the other gear 

may enter the space 

without binding. In 

practice, s is made 

somewhat greater than 
t, to provide for irregularities in the form or spacing of the 
teeth, and the difference between s and #/ is called the 
backlash. 

The root y is also made greater than the addendum a, so 
that there is a clearance between the point of the tooth of 
one wheel and the bottom of the space of the engaging 
wheel. This space is shown at c, Fig. 27. and is called 
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bottom clearance, or simply clearance. When the wheels 
have equal addenda and equal roots, as in the interchange- 
able system, thence = r—a. 

The sum 7+ a is the whole depth of the tooth and the 
working depth is e = 2a, double the addendum. 


28. Tooth Proportions for Cut Gears, Using Diam- 
etral Pitech.—Cut gears of small and medium size, such 
as are used on machine tools, are invariably based op the 
diametral pitch system. For gears of this character the 
following proportions are used: 


é = diametral pitch = ; 


a = addendum = 5 inches 


= 
I 


LOOte— Be inches 
8p 
a+r = whole depth = = inches 
@ = thickness of tooth = =e inches 


i ae 
c = clearance = —— inches 
8p 


EXAMPLE.—The diametral pitch of a cut gear is 4; what are the 
tooth dimensions? 


gel as 9 oe 
SoLtutTion.—Addendum = r; =q in; root = Bp = 39 in; clear- 
I i 17 (ee § 
ance = 8p ~ 32 in.; whole depth of tooth = 8p 32 in.; thickness of 
tooth = aul = .39+ in. Ans. 


29. Tooth Proportions for Gears Using Circular 
Piteh.—With gears of large size, and usually with cast 
gears of all sizes, the circular-pitch system is used. In these 
cases, it is usual to make the addendum, whole depth, and 
thickness of tooth conform to arbitrary rules based on the 
circular pitch. However, none of these rules can be con- 
sidered absolute. Machine-molded gears require less clear- 
ance and backlash than hand-molded, and very large gears 
should have less, proportionately, than smaller ones. Table II 


ne 
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gives the proportions that have been used successfully and 
will serve as an aid in deciding on suitable dimensions. 
Column 1 is for ordinary cast gears and column 2 is for 
very large gears having cut teeth. Circular pitch = ~. 


TABLE II 
PROPORTIONS FOR GEAR-TEETH 


I 2 
PRG ENGI ina A tL eo. eee Hee 30D, 30D; 
IRCKGICLRE, Soe ieee een MP med ea Sha cheery. te -40p, 352s 
Wiholesdepthiyr.  ) 9) lumen 702, .65 p 
MCKMeSS Of LOOT tn. Ne. yee .48 2, .495 Dp: 
WHEth*Ol spaceey Go yo5 wag alee eS es SOG: 


30. Gear-Blanks.—A gear-blank is a disk of metal 
along the circumference of which gear-teeth are to be cut. 
The blank is turned in a lathe, and its diameter is made 
equal to the outside diameter of the desired gear. In 
making a gear-blank, therefore, the outside diameter 
rather than the pitch diameter is required. 


= pitch diameter; 


Let D = outside diameter; 
a 
a = addendum. 


Then for any gear, 
D=d+2a (1) 
But, in the case of diametral pitch, d = ; andi 7 
Substituting these values, 
Np teas ee (2) 
p 
which may be used to find the outside diameter when the 
number of teeth and the diametral pitch are known. 


EXAMPLE 1.—A wheel is to have 48 teeth, 6 pitch; to what diameter 
must the blank be turned? 


SoLutTion.—By formula 2, D = fae seers as 8.33 in. Ans. 
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EXAMPLE 2,—A gear-blank measures 103 inches in diameter and is 
to be cut 4-pitch; how many teeth should the gear-cutter be set to 
spacer 


SOLUTION.—From formula 2, D = Br orz= DxXp-2 


= 105 X 4—-2=42 —2=40 teeth. Ans. 


EXAMPLES FOR PRACTICE 


1. (a) How many teeth has a 23-pitch gear, 4 feet in diameter? 


(6) What is the circular pitch of this gear? ee {() 120 teeth 
“\(6) 1.257 in. 

2. What is the outside diameter of a gear-blank from which a wheel 

is to be cut having 50 teeth 4-pitch? Ans. 13 in. 


3. The pitch diameter of a gear is 25 inches; what is its outside 
diameter, supposing it to be 6-pitch? Ans. 25.333 in. 


4. A gear-blank measures 10.2 inches in diameter and is to be cut 
10-pitch; how many teeth should the gear-cutter be set to space? 
Ans. 100 teeth 


CONSTRUCTION OF TOOTH PROFILES 


81. Approximate Methods.—The exact construction 
of the outlines of gear-teeth involves a great amount of work, 
and hence is seldom employed except where great accuracy is 
required. In laying out the patterns of cast gears, especially 
if the pitch is small, it is not necessary to employ exact 
constructions, since the cast teeth will depart somewhat from 
the true form, however carefully the pattern may have been 
made. The part of the curve, whether involute, epicycloid, 
or hypocycloid, used as the tooth outline is so short that for 
practical purposes one or more circular arcs closely approxi- 
mating the true curve may be used for the profile. 

Many systems of drawing tooth profiles by means of arcs 
of circles have been proposed, among which may be 
mentioned especially the odontograph and the odontograph 
table. The odontograph is a templet for drawing tooth 
outlines. Its form is generally determined by a set of radii 
that give a curve that closely approximates the correct tooth 
form. Tables of radii that give tooth outlines that approxi- 
mate very closely to the correct forms are also used, and 
these are called odontograph tables. 


TABLE III 


INVOLUTE ODONTOGRAPH TABLE FOR STANDARD 
INTERCHANGEABLE GEARS 


Divide by the Diametral Multiply by the Circular 
Number of Pitch Pitch 
Teeth 
Face Radius | Flank Radius} Face Radius | Flank Radius 
10 2.28 .69 73 22 
II 2.40 83 .76 B27, 
12 2.51 .96 .80 23 
13 2.62 1.09 83 34 
14 272 WAZ .87 39 
15 2.82 1.34 .go 43 
16 2.92 1.46 .93 47 
7, 3.02 1.58 .96 50 
18 Bale 1.69 .99 54 
19 B22 1.79 1.03 Ay) 
20 Bese 1.89 1.06 .60 
21 3.41 1.98 1.09 .63 
22 3.49 2.06 TisLet .66 
23 Bay 2.15 iit .69 
24 3.64 2.24 1.16 7a 
25 Bai 2538 1.18 -74 
26 3.78 2.42 1.20 S77. 
AG] 3.85 2.50 123 .80 
25 BEO2 2.59 1.25 .82 
29 3.99 2.67 ey) .85 
30 4.06 207.6 1.29 88 
31 4.13 2.85 teil -QI 
32 4.20 2.93 1.34 .93 
33 4527, 3.01 1.36 .96 
34 4-33 3-09 1.38 -99 
35 4.39 2°00 1.39 1.01 
36 4.45 Bees tesa 1.03 
37-40 4.20 1.34 
41-45 4.63 1.48 
46-51 5.06 1.61 
52-60 5.74 1.83 
61-70 6.52 2.07 
71-90 age 2.46 
gI-120 9-78 Balen 
121-180 13.38 4.26 
181-360 21.62 6.88 
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32. The Involute Odontograph Table.—Table III 
is an involute odontograph table that gives a series of radii 
for constructing arcs of circles for approximate tooth out- 
lines. The centers of these arcs all lie on the base circle. 
For gears with from 10 to 36 teeth, the tooth profile consists 
of two circular ares of different radii, one for the face of the 
tooth and one for the part of the profile between the pitch 
circle and base circle. For gears with more than 36 teeth, 
a single arc is used for the curve between base and addendum 
circles. The flanks from the base line to the bottoms of the 
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spaces are straight radial lines, but at the bottom fillets 


should be put in to avoid sharp corners. 
The construction of tooth outlines by the odontograph table 


is illustrated in Fig. 28. Suppose that it is required to draw 
a gear with 15 teeth, 3 diametral pitch. Then, as previously 


explained, pitch diameter = Zo—18 — § inches; addendum 


ees, e .875 inch; by 
Spr eB Gs 
Art. 14, radius of base circle = .966 x 2.5 = 2.415 inches; 


circular pitch = ree = 1.047 inches; and thickness of 


tooth = Met = .523 inch. With these data, the pitch, base, 


= = = ¥ = .383 inch; root = 
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addendum, and root circles are readily drawn, as shown 
at A, 2G and, Fig. 28: 

Let P be some pitch point. Referring to the odontograph 
table, the numbers in the columns for the face and flank 
radii are, respectively, 2.82 inches and 1.34 inches; but these 
must be divided by the diametral pitch 3, giving .94 inch 
and .45 inch, respectively, as the radii. Take points O and 
O, on the base circle, so: that OP = .94 inch and O,P 
= .45 inch. With O as a center, strike the arc PA, and 
with O, as a center, strike the arc P&. From B&B draw the 
radial line @ C and finish the outline with the fillete. The 
radius of this fillet differs in practice. Some authorities 
recommend a radius equal to one-seventh the width of the 
space between two teeth, measured along the addendum 
circle, while others recommend a smaller radius. When the 
form of the tooth is 
such that the root is 
liable to be weak, 
the radius should be 
made as large as 
possible. Knowing 
the circular pitch and 

Fre. 29 thickness of tooth, 
the pitch points for other teeth may be laid off and the pro- 
files constructed in a similar manner. 

The construction of the involute rack is shown in Fig. 29. 
The side of the tooth is a straight line 4 8 inclined at an 
angle of 15° with a line at right angles to the pitch line Z. 
To correct for interference, the points of the teeth are cut 
away as follows: From a point & midway between the 
pitch line Z and the addendum line /, strike a circular 
arc BC from a center O on the pitch line with a radius 


OB a inches, or .67/, inch. 


335. The Cycloidal Odontograph Table.—For the 
cycloidal system of interchangeable gears Table IV gives 
the radii of circular arcs for faces and flanks, and also the 
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distances, from the pitch circle, of the circles on which the 
centers lie. 
For the 12-tooth gear, as previously stated, the flanks are 
radial; hence, the infinite values in Table IV, denoted by 
The manner of using the odontograph table is shown by 
an example in Fig. 80, which shows as era of the teeth 
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lowing data are readily obtained: Pitch diameter = = = if 
= 8 inches; addendum = ee 4 inch; root = oe = 7° inch, 


From these dimensions, the addendum, pitch, and root 
circles can be drawn. From Table IV, the distance for faces 
is .09 inch, and that for flanks is 3.46 inches, which divided 
by 2, the diametral pitch, gives, respectively, .045 inch and 
1.73 inches; hence, the circle of face centers is drawn 
.045 inch zzszde the pitch circle, and the circle for flank 
centers 1.78 inches outstde the pitch circle. The radii in 
Table IV are 2.10 and 7.86, and these divided by 2 give 
1.05 inches and 3.93 inches, respectively, for face radius and 
flank radius. Let P be chosen as a pitch point. Then with 
OP = 1.05 inches, locate the center O on the circle of face 
centers and describe the arc PA; and with O, P = 3.93 inches 
locate O, on the circle of flank centers and describe the 
arc PB. At the bottom of the space put in a fillet, as usual. 

The name three-point odontograph is sometimes given to 
this system, from the fact that the arc constructed by it passes 
through three points on the true cycloidal curve. 
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BEVEL GEARING 


34. Relation of Bevel to Spur Gearing.—It has been 
shown that motion may be transmitted by rolling cylinders 
when the axes are parallel, or by rolling cones when the axes 
intersect. If rolling cylinders are used as pitch surfaces and 
are provided with teeth, spur gears are the result; if frustums 
of rolling cones are used as pitch surfaces and provided with 
teeth, the gears so formed are called bevel gears. Bevel 
gears are used to transmit motion from one shaft to another 
making an angle with the first. In case the shafts are at 
right angles, and the gears have equal pitch diameters, they 
are known as miter gears. : 


35. Generation of Bevel-Gear Teeth.—In the gen- 
eration of cycloidal tooth outlines for spur gears, generating 
circles were caused to roll on pitch circles. The tooth sur- 
faces, however, are produced by the rolling of generating 
cylinders on pitch cylinders. The generation of tooth sur- 
faces for bevel gears is 
accomplished, in a sim- 
ilar manner, by the roll- 
ing of a generating cone 
in contact with the pitch 
cone. 

in Pig.ol, let COL 
represent a pitch cone, 
the part CDEB being 
the pitch surface of a 
bevel gear, and let 
A OC be the generating 
cone. If the genera- 
ting cone is supposed to nes B 
describe the tooth sur- 
face IZ NGF by rolling on the pitch cone, the line VG 
representing the outer edge of the tooth will lie on the 
surface of a sphere whose radius is ON. The point V 
that describes this line is always at a fixed distance from 


ie” 
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the center O; hence, every point in the line VG is equally 
distant from O, and, as all points in a spherical surface 
are equally distant from a point within called the center, 
it follows that MG must lie on a spherical surface. 
The curve VG, therefore, may be called a spherical epi- 
eycloid, and by rolling the generating cone on the concave 
surface of the pitch cone a spherical hypocycloid is 
obtained. A spherical involute may be obtained by 
unwrapping an imaginary flexible sheet from a base cone 
lying within the pitch cone. A point on the edge of this 


| 
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sheet will describe a curve on the surface of a sphere, and 
this curve will be a spherical involute. 

To be theoretically exact, therefore, the tooth curves for a 
bevel gear should be traced on the surface of a sphere, as 
shown in Fig. 82. This method is not a practical one, how- 
ever, and in practice is replaced by what is known as Tred- 
gold’s approximation, which is much simpler and is 
universally used. ” 

By this method, the tooth curves are drawn on cones tan- 
gent to the spheres at the pitch lines of the gears, as shown 
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in Fig. 38. The process is simply to develop or unwrap 
the surfaces of the cones, the unwrapped surfaces being rep- 
resented by 4 4C and CDE inthe figure. The length of 
the arc 4 BC is equal to the length of the pitch circle 4’ C, 
and the length of the are CDE is equal to that of the 
pitch circle CZ’. The gear-teeth are then drawn on the 


unwrapped surfaces, precisely as for spur gears of the same 
pitch and diameter. 

The teeth, as laid out by Tredgold’s method, will vary 
somewhat from the shape of the spherical teeth. But 
although the tooth curves may not be exactly the same as 
the curves on the sphere, the difference is so slight that it 
has no appreciable effect on the uniformity of the motion 
transmitted. 
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36. Laying Out Bevel Gears.—Let OA and OB, 
Fig. 34, be the axes of the pitch cones, intersecting at O, and 
assume OC to be the line of contact of the twocones. Then, if 
CD is the radius of one cone, CZ is the radius of the other, 
4 and the velocity ratio is 
the tatioiGD)- Ge. 

Through C a line is 
drawn at right angles 
to OC, cutting the axes 
in the points 4 and BZ. 
With A and B as cen- 
ters and dC and BC as 
radii, circular arcs CG 
and CA arerdrawn: 
Suppose, now, that C/is 
chosen as the length of 
the rolling conical frus- 
tum, or, what is the same 
thing, the length of the 
face of atooth. Through 
J draw a line parallel to 
AB,cutting OA and OB 
in K and L, respectively. 
Then, with 4 as acenter, 
NG! AVAL SS IK If BS BN 
radius, draw the arc 
WR, ands with 4: asa 
center, and BN = LJ 
as a radius, draw the arc 
NS. The four arcs CG, 

Bie. CH, MR,and NS are 
then considered as pitch circles of spur gears, and the tooth 
outlines are drawn according to the methods already given. 

Let x, = the number of teeth in the gear whose axis 
is OA; then, as in spur gearing, the diametral pitch for the 
outside diameter of the cone is 


pie Na ae 
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From this value of 4, the addendum, the root, and the 
radii for the circular arcs of the tooth outline are obtained. 
Similarly, for the inside radius, p = 770 and from this 
value of ~, the teeth on the pitch circles 17R and NS are 
constructed. In making wooden patterns for cast gears, the 
teeth may be laid out on strips of thin sheet metal, and these 
strips may then be fastened to the ends of the rolling 
frustums. The spaces in the metal strips will form guides 
at the ends of the teeth, so that the wood in the spaces may 
be cut away accurately. In Fig. 35 is shown a section of the 
gears laid out in Fig. 34. 


37. Bevel-Gear Angles.—lIn Fig. 36, OC is an element 
of the pitch cone, OF marks the top and OZ the bottom of 
the working portion of a tooth. The angles a, ,c,e,f,andg 
are named as follows: ais the center angle; 4, the face 
angle; c, the cutting angle; e, the cutting decrement, or angle 
of bottom; /, the face 
increment, or angle 
of top; g, the angle 
of edge. 

In turning up a 
gear-blank to size, it 
is necessary to know 
the outside diameter, 
face angle, and, also, 
the angle of edge 
The face angle 6 is 
found by subtracting 
the sum of the angles 
a and f from 90°. The angle of edge g is equal to the 
center angle a. The center angle is determined from the 
ratio between the outside pitch radii CD and OD of the two 
gears. Thus, CD and OD represent the outside pitch radii 
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of the two gears, and tana = co. But CD and=OD are 


proportional to the number of teeth in their respective gears, 


$12 GEARING 39 


hence, the number of teeth may be substituted for the pitch 
radii. Having the value of the tangent, the corresponding 
angle may easily be found from a table of natural tangents. 
The cutting angle ¢c is found by subtracting the angle ¢ from 
the angle a. The angles e and f may be obtained by trigo- 
nometry, as follows: Let 7 be the outside pitch radius CD, 


Bie, 86; Then; tan 7 = Cis CL x CD Bu pe fee GE 
OCDE) me OG CD r 
and ce = sina. Substituting these values, 
tan f = C* sina (1) 

Now, CF is the addendum, and when diametral pitch is 
used, GF = 37 = 27, where z equals the number of teeth. 
Hence, for diametral pitch, formula 1 reduces to 

ar 
ferwien laetin yearn (2) 
if LZ 


In terms of the circular pitch, the addendum CF = .34, 
and consequently, when the circular pitch is used, formula 1 
becomes 


tan f = Obs sin @ (3) 


Having determined the value of tan /, the corresponding 
angle may readily be found by reference to a table of natural 
tangents. 

In cutting bevel gears, the clearance is made constant for 
the entire length of the tooth, and the cutting angle is there- 
fore taken at the working depth of the tooth, allowance for 
clearance being made on the cutter. Then CE = CF, and 
it follows that the angle e must equal the angle /. 

The outside diameter is equalto2 BD. But, 


9BD =2(8C+CD) (4) 
The angle BCF = angleg = angle a. Then a COS 
BG? = ctosea. on b.G = CF cosa, But, @F ist the 
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addendum which 1's equal to 27 for diametral pitch, and .3/, 
n 


for circular pitch. Hence, for diametral pitch, BC = ar COS a; 
n 


and for circular pitch, BC = .8f,cosa. TheradiusCD=~r,. 
Substituting these values, formula 4 becomes, for diametral 
pitch, 
outside diameter = 2 (2 cos a +7) (5) 
n 
and for circular pitch, 


outside diameter = 2(.3 £, cosa+~7) (6) 


The following example will show how to calculate the 
various angles: 


EXAMPLE.—Suppose that two bevel gears have 70 teeth and 
30 teeth, respectively, and that the diametral pitch at the outer ends 
of the teeth is 3; find the center, face, and cutting angles, the angles 
of top, bottom, and edge, and the outside diameter, for each gear. 


SoLuTIon.—Since the shafts are at right angles, use the above 
formulas, referring also to Fig. 36. Tana = a= —i en — 2osco trom 
which a = 66° 48/ for the larger gear. For the smaller gear, a = 90° 
— 66° 48/ = 23° 12’. Ans. 

By formula 2, tan f = *% X sin 66° 48’ = 4 X .91914 = .02626; from 
which f = 1° 80’. Hence, e¢ = 1° 30’, also, and these angles are the 
same for both bevel gears. Ans. 

For the large gear, a+ f = 66° 48’ + 1° 30’ = 68° 18/. Hence, d for 
this gear is equal to 90° — 68° 18’ = 21° 42/; also,c = a—e = 66° 48! 
— 1° 80! = 65° 18’, while g = a = 66° 48’. Ans. 

For the small gear, a+ f = 238° 12/+ 1° 30/ = 24° 42), Hence, 
6 for this gear is equal to 90° — 24° 42/ = 65° 18/; also, c = a —e 
Ea OBS? 1107 — 1? GI Pale 2B Ewha fe SS PRS EG NaS 


For larger gear, using formula 5, outside diameter = 2 (Fos a+ r) ; 


Now, r= (5) = } () = 3; x = 70; cos a = cos 66° 48/ = .39894, 


Then, outside diameter = 2 (? xa x = X .89394 + 3) = 23.6 in., 


nearly. Ans. 


For the smaller gear, r = $ (5) = = (52) = 5; 2 = 80: cos a = cos 


23° 12/ = .91914. Then, outside diameter = ae 


= 10.6lin. Ans. 


X .91914 4- 5) 
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SPIRAL AND WORM-GEARING 


38. Spiral Gearing.—The name spiral gearing is 
given to a system of gearing in which the wheels have 
cylindrical pitch surfaces, as in 
spur gears, but in which the teeth 
are not parallel to the axes. Each 
tooth winds helically like a screw 
thread, hence spiral gearing is 
sometimes called screw gearing. 

In Fig. 387, suppose a and 6 to 
be two cylinders having axes 4 A 
and BB, respectively. The cylin- 
ders may be made to touch at a 
single point P. Let a helix s be 
traced on the surface of 0, passing 
through /, and let 7 PTZ be the 
tangent to the helix at P.. Now, 
through /, let a helical line be 
traced on the cylinder a, having such an angle that its tan- 
gent is likewise 7P7. If, now the helix on 6 be replaced 
by a projection similar to a screw 
thread, and that on a by a groove made 
to fit this projection, a rotation of 6 
about the axis B B will cause a rotation 
of a about the axis 4 A. In order that 
the motion may be continuous, succes- 
sive grooves on a must be so spaced as 
to engage properly with the thread on d. 


39. Relation of Spiral to Worm- 
Gearing.—The cylinder 4 may be pro- 
vided with only one thread or with 
several threads. Thus, in Fig. 37, the 
helix s may be used alone, or the 
helixes s,,5., and s, may be added. If 
from one to three helixes are employed, 
the projections are called threads vather than teeth; the 
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cylinder and thread (or threads) together are called a worm, 
and the other cylinder is called the worm-wheel. 

When each cylinder has several helixes, as shown in 
Fig. 38, the term /oo¢h is used instead of ¢hvead, that is, it 
is said to be a spiral gear, having a certain number of 
teeth. It must be understood, however, that the number 
of teeth is the number of helixes wound around the cylindrical 
pitch surface, and that a worm with a single thread is in 
reality a spiral gear with one tooth. 


40. Pitches in Spiral Gearing.—The distance between 
corresponding points on two consecutive teeth, measured 
around the cylindrical pitch surface at right angles to the 
axis, is the circular pitch, as 
shown at 4B, Fig. 39. This is 
also sometimes called the cir- 
cumferential pitch. The dis- 
tance measured at right angles 
to the teeth, as 4 C, is called the 
normal pitch. The distance 
measured parallel to the axis, as 
AD, is the axial pitch. Let 
these pitches be denoted by Ay, A,, 
and f., respectively. If m denotes 
the angle between the helix and 
a line on the pitch surface parallel to the axis, then 

= BAC, and AC = AB cos BAC, that is, 


Pu = 2, COS ™ (ee) 


The number of teeth z on the gear is equal to the circum- 
ference of the pitch circle divided by the circular pitch; hence, 
_ 4nr _ Anrcosm (2) 
ps Pu 
where v denotes the pitch radius. 

In a pair of gears that run together, the normal Pe 
must be the same in both, but the circular pitches may or 
may not be the same. If the axes of the two gears are at 
right angles, the circular pitch of one must be equal to the 
axial pitch of the other, and vice versa. 
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41. Computation of Spiral Gears for Given Veloc- 


ity Ratio. 


Let 2, and 2, 


Y, and % 
Nu and NV; 


In the case of 


number of teeth in a and 4, Fig. 40, 
respectively; 

radii of pitch cylinders of a and 4; 

speeds of a and 4, in revolutions per 
minute; 

angle of teeth of a with axis of a; 

angle of teeth of 6 with axis of 4; 

angle between axes of a and 3; 

distance between axes of a and 6. 


spiral gears, the revolutions per minute of 


the shafts are inversely as the num- 
bers of teeth, that is, 

Na 2h 

LV: Wa 
The radii ~, and ~, however, have no 
direct influence on the velocity ratio 
of the gears, and within certain limits 
may be made of any length. 

From Fig. 40, angle m, + angle 
m, = angle e. The relative magni- 
tudes of angles m, and m, depend on 
the location of the tangent 7P7. 
Having fixed this tangent and the 
angles m, and m,, the radii ~ and 7 
may be obtained as follows: 

From formula 2 of Art. 40, 


te = Lea COS Ma (1) 
Da 
a tp =z 2EYHCOS Ms (2) 
De 
Dividing, 


No N, eae he COS Ws, (3) 


Nea N; Ya COS Ma 


It will be seen from this formula 


that the values of 7, and 7, may be assumed if desired and 
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the corresponding values of m, and m, calculated. In prac- 
tice, however, the method given above is generally preferred. 


a 


The speed ratio “ being given, and angles m, and mz, 
6 


having been decided on, the ratio ” can be found. Further, 
Va 

the sum ~%+%” = h, the distance between the axes is 

known, and from the two equations thus at hand the pitch 

radii 7, and ~ may be calculated. An example will show 

the method. 


EXAMPLE.—A pair of spiral gears with axes at 75° are to transmit 
a velocity ratio of 2 to 1, and the distance between their axes is 
14 inches; find the pitch radii. 


SoLtution.—Any number of solutions may be obtained, since it is 
possible to divide 75° into two angles in an infinite number of ways. 


N % COS 375° Ve 
Suppose, first, #2 = m, = 373°; then N, = 25 = =i5, OF 
2 


= 2.5. But, 7 +7; = 14”; whence ~ = 10” and7, = 4”. Ans. 
For a second solution, let #2 = 30° and m, = 45°; then 
itecos 457 — Yb Bi PR 
2.5 Rie rencisge .817 Pes ei Te A 3.06. 
Solving, 72 = 8.45” and ~ = 10.55’. Ans. 


WORM-GEARS 

42, Threads of Worms and Teeth of Worm-Wheels. 
When the angle m of the helix, Fig. 39, is so great that the 
tooth becomes a thread winding entirely around the pitch 
cylinder, the combination is called a worm and worm- 
wheel. Usually, the axes of worm-gears are at right angles. 
The screw may have a single thread or two or three threads 
With a single thread, the velocity ratio of the gears is equal 
to the number of teeth in the worm-wheel; thus, if the wheel 
has 40 teeth, 40 turns of the worm-shaft are required for 
1 turn of the wheel. 

Fig. 41 shows a worm and worm-wheel. It will be noticed 
that in the longitudinal section, taken through the worm, the 
threads appear to be like involute rack teeth. The worm is 
usually made in a screw-cutting lathe, and as it is easier to 
turn the threads with straight sides, it is better that they 
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should be of the involute form. Involute teeth, then, should 
be used on the wheel, and should be of a pitch to correspond 
with the threads on the worm. 

The circular-pitch system is used for worm-gearing because 
lathes are seldom provided with the correct change gears for 
cutting diametral pitches. The circular pitch is not so incon- 
venient, however, in the case of worm-gearing as with 


/ 
yoy 


Pani 


YA Ye 


spur gearing. If the diameter of the worm-wheel should 
_ come in awkward figures, the diameter of the worm can be 
made such that the distance between centers will be the 
dimension desired. The circular pitch of the gear must be 
equal to the axial pitch of the worm. 

48. Close-Fitting Worm and Wheel.—To make a 
close-fitting wheel, a worm is made of tool steel and then 

ILT 374-7 
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fluted and hardened like a tap. It is almost a duplicate of 
the worm to be used, being of a slightly larger diameter to 
allow for clearance. This cutter, or hob, is placed in mesh 
with the worm-wheel, on the face of which notches have been 
cut deep enough to receive the points of the teeth of the hob. 
The hob is then made to drive the wheel and is dropped 
deeper into it at each revolution of the latter until the teeth 
are finished. 

Fig. 41 represents a close-fitting worm and wheel. The 
pitch circles are in contact at P. The outside diameter D of 
the worm may be made four or five times the pitch. The 
arcs CA and & F are drawn about O and limit the addendum 
and root of the wheel teeth, the distance between them being 
the whole depth of the teeth. Clearance is allowed just as 
in spur gearing. The angle a is generally taken as either 
60° or 90°. The whole diameter of the wheel blank can be 
obtained by measuring the drawing. 

The object of hobbing a wheel is to get more of the bearing 
surface of the teeth on the wotm-thread, making the outline 
of the teeth something like the thread of a nut. 
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GEAR TRAINS 


1. Use of Trains.—Motion may be transmitted between 
two parallel shafts by a single pair of gear-wheels or by a 
single pair of pulleys and a belt. However, it is often pref- 
erable to replace the single pair by a series of such gears 
or pulleys, especially if the required velocity ratio is great. 
Thus, in Fig. 1, it would be possible to transmit motion 
from shaft 4 to shaft / by means of two pulleys only, but 
to give the desired 
velocity ratio, pul- 
ley a would be very 
large and pulley 7 
very small. By inter- 
posing the intermedi- 
ate shafts B and E& 
and the pulleys 4, c, d, 
and e, the velocity 
ratio is obtained with 
pulleys that do not 
vary greatly in size. 
In the same way, 
motion may be transmitted by a single pair of gears, but 
it is often better to introduce intermediate gears to avoid 
inconvenient sizes. : 

In general, a series of pulleys, gear-wheels, worms and 
worm-wheels, etc., interposed between the driving and driven 
shafts, is called a train of mechanism. If all the members 
are spur gears, the train is called a gear train or train of 
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gears; with bevel gears for members, it is called a bevel- 
gear train. 


2. Velocity Ratio of Two Wheels.—In Fig. 2, let a 
and 6 be two gear-wheels turning on the shafts 4 and B, 
and let P be the pitch point or point of contact of the roll- 
ing pitch circles. Evidently, since these pitch circles roll 
together, points on their circumferences have the same 
velocity. Let ~. denote the radius of the wheel a, and NV, 
the speed of a, in revolutions per minute, frequently written 
R. P. M. Then a point on the circumference of a travels, 


Fie. 2 


in 1 minute, 277, NV, feet, and a point on the circumference 
of 6 travels 2277; N, feet. Hence, 277,N. = 2277 ™;, 


or Vz INg = 15 3 (1) 
NV. Gg 
whence y; = x (2) 


That is, the revolutions per minute of two wheels running 
together are inversely as their radii. 

The radii of the wheels are directly proportional to the 
diameters and to the number of teeth; hence it is allowable 
to use the ratio of either the radii, diameters, or numbers 
of teeth, as is most convenient. Furthermore, in any one 
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train, the radii of one pair, the diameters of another pair, 
and the numbers of teeth in a third pair, may be used. 


3. Velocity Ratio of a Train of Gears.—Suppose 
that there is a train, as shown in Fig. 3, in which the pairs 
are a and 4,c andd,andeandf. From formula 2 of Art. 2, 
Nz (git OF: 


= = , where x and J denote, respectively, the radius 
NV, Va JD}. 
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and the diameter of the gear. For the second pair M 


’ Ne 
ae Da. and for the third pair, NES Dr Multiply- 
Ve JD}, NV; Ve € 


ing together the left-hand and the right-hand members, 
respectively, of these three equations, and placing the prod- 
ucts equal to one another, 
Nex NENG > Yin D5, UDR UE Dirigo? 
NINE CN A TXT OKGs TD XD, XD, 
But gears 6 and < are fixed to the same shaft, as are gears d 
and e, hence V, = WV. and Vz = X.; therefore the first frac- 


a 


tion reduces to a which is the ratio between the speeds of 
£ 
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the first and last shafts. Therefore the preceding formula 
may be expressed thus: 

product of radii, diameters, 

| or number of teeth of all the 

R. P.M. of the driving shaft followers 


R. P. M. of the driven shaft product of radii, diameters, 
ag or number of teeth of all the 
drivers. 

EXAMPLE.—In Fig. 4 is shown a train of six wheels on four shafts. 
Four of the wheels are gear-wheels, and two are pulleys connected by 
a belt. Let d,,d., etc. denote the drivers, and 4, f, etc. the fol- 
lowers, V the number of revolutions of d,, and the number of 
revolutions of f,;. Suppose that the pulley D, is 40 inches in diameter, 


Fic. 4 


and f, 35 inches; d, has 54 teeth, and f, 60 teeth; d; is 1 foot in diam- 
eter, and f, 2 feet. What is the speed of % if VV = 100 revolutions per 
minute? 


‘SoLuTIon.—The product of the drivers X the speed. of the driving 
shaft = the product of the followers X speed of the driven shaft; that 
is, 100 x 40 X64 x 1 = 2 < 850 X 60 X.2.-,. Hence, 

| = RSS = oR. PLM. Ans. 
_ The drivers and followers may be arranged in any order without 
changing the result; that is, they may be interchanged among them- 
selves. It should be noticed, however, that if the diameter of one 
driver be given in inches, the diameter of its follower must also be 
given in inches. 


. 4.° Direction of Rotation.—Axes connected by gear- 
wheels rotate in opposite directions. Hence, in a ‘train 
consisting solely of external gear-wheels, if the number of 
axes be odd, the first and last wheels will revolve in the 
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same direction; if the number be even, they will revolve in 
opposite directions. 

It is evident that in the case of a pinion working in an 
internal gear the two wheels will turn in the same direction. 


5. Idlers.—In the train in Fig. 3, shaft B carries two 
gears, one being driven by geara and the other driving gear d. 
Sometimes, however, only one intermediate gear is used, 
serving both as a driver and a follower. Such a wheel is 
called an idler, or zdle wheel, and while it affects the relative 
direction of rotation of the wheels it is placed between, it 
does not affect their velocity ratio. 

The following examples will illustrate this statement, 
and show a few ways in which idlers 
are used. In Fig. 5 is shown one 
method of arranging the change 
gears on the end of an engine lathe 
for changing the speed of the lead 
screw, which is used to feed the tool 
in screw cutting. The driver d, re- 
ceives motion from the lathe spindle, 
and the follower f, drives the lead 
sctew. The middle wheel, which is 
an idler, acts both as a driver and 
follower, or as d, and f,. 

Let 4, and JV, represent, respectively, the number of 
revolutions of d, and f, and let the letters d,, d., f,, and f, be 
used to denote either the radii, diameters, or numbers of 
teeth of the wheels, as well as the wheels themselves. Then, 


Ni _ aX ds But, as d, and #, represent the same wheel, 


Ne eh SOLS 
they have the same value, and - = a, Oir ANG, == ae ihhat 
is, the speed of f, is exactly the same as though no idler 
were used. 

To. change the speed of the lead screw, a different size of 
wheel is put on in place of. d, or #, or both are changed. 


The idler turns on a stud clamped in the slot in the arm a. 
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This stud can be moved in the slot to accommodate the dif- 
ferent sizes of wheels on /. To bring the wheel in contact 
with the gear on s, the arm is swung about / until in the 
right position, when it is clamped to the frame by the bolt 6. 
The way in which an idler changes the direction of rotation 
is shown in Fig. 6, which is a reversing mechanism, some- 
times placed on the headstock of a lathe for reversing the 
feed. Here the idler 7 

is in contact with gears d 

and f, making three axes, 

an odd number, so that 

a, d and f turn in the same 


AQ NX SO direction. Wheels / and 


p ZI’, however, are pinned 
O to the plate ~, which 
\) / can swing about the 
) axis of f, and they re- 

main always in contact. 
Moreover, as plate p 
swings about its center gear, 7 must necessarily remain in 
contact with gear /. If the lower end of the handle % be drawn 
upwards, the plate will be turned clockwise about the shaft 
of f, by means of the pin working in the slot in the lever /. 
The two idlers will take the dotted positions shown, and d 
will drive f through both of them. The number of axes will 
then be even, so that d and f will turn in opposite directions. 


Fic. 6 


ENGINE-LATHE GEAR TRAINS 


THE BACK-GEAR TRAIN 


6. Some of the best examples of gears in trains are to 
be found in engine lathes. Fig. 7 shows the headstock of an 
engine lathe, the spindle S turning in bearings, as shown, 
and having a face plate # and a center on the right end for 
placing the work. The lead screw /, used in screw cutting, 
is connected with the spindle by the train of gears on the 
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left, which will be described later. The back gears F, 
and D,, on the shaft mm, have been drawn above the spindle 
for convenience of illustration, instead of back of it, where 
they are really placed. 

It is important to keep the cutting speed within limits 
that the tool will safely stand. For turning work of 
different diameters and materials, therefore, the spindle 
must be driven at different speeds. This is accomplished 
by means of the cone pulley c driven by a similar pulley 
on the countershaft by means of a belt, and by means of 
the back gears. 

The gear F, is fastened to the spindle S and always turns 


een yay eke ers ar eee 
pt ft) i 
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withit. The cone c, however, is loose on the spindle, but can 
be made to turn the latter by means of a lug, or catch, operated 
by a nut under the rim of 7. When the nut is moved out 
from the center, the lug engages with a slot in the large end 
of the cone. The cone will then turn with the spindle, and 
as many changes of speed may be had as there are pulleys 
on the cone. As ordinarily constructed, however, the cone 
alone does not give a range of speed great enough to include 
all classes of work, nor is the belt power sufficient for the 
larger work and heavier cuts. It makes the lathe more com- 
pact and satisfactory to construct the cone for the higher 
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speeds and lighter work, and to obtain the speeds for the 
heavier work by means of back gears. Referring to the 
figure, it will be seen that the back gears are connected by 
the sleeve s, and so form one rigid piece. The gear /, 
meshes with D,, and J,, which is loose on the spindle but 
fastened to the cone, meshes with /,. To get the slower 
speeds, the nut mentioned before is moved in toward the 
center of /,, disengaging the gear from the cone, which is 
now free to turn on the spindle. Hence, if the back gears 
are in mesh with the gears on the spindle, the belt will drive 
the spindle at a slower speed through the cone and the 
tras /5 5 Oats. 

The back gears cannot remain in gear when the cone and 
gear F, are connected; if they do, the lathe will not start, or 
teeth will be broken out of the wheels. To provide for 
throwing them in and out of gear, as required, the rod on 
which are the back gears and sleeve s is provided with eccen- 
tric ends at m and 2, fitting in bearings in the frame. By 
turning the rod part way round by means of the handle 2, 
the gears can be thrown either in or out of gear. 

A lathe is spoken of as running back-geared when the 
back gears are in, and as being in single gear when they are 
out of gear. This arrangement, or a modification of it, is 
used on upright drills, boring mills, milling machines, and 
other machine tools. 


EXAMPLE.—The four steps of the cone pulley of a lathe, as in 
Fig. 7, have diameters of 15, 12, 9, and 6 inches, respectively, and the 
cone on the countershaft is the same as that on the lathe. Suppose 
the gears D,, F,, D., and F, to have, respectively, 30, 108, 24, and 
84 teeth. The countershaft makes 105 revolutions per minute. Deter- 
mine the eight speeds of the spindle that may be obtained. 


SOLuTION.—With the back gear thrown out, the following speeds 
are obtained: 

1. With the belt on the first pair of. steps, the spindle speed 
SP SK SS APA IR, 1, MES” se, 

2. With the Mist on the second Bly the aida ie ¥ x 10 105 = 140 
Re Pais ore 

3. With belt on third pair, the speed'= 3% < 105 = 782-R..P. M. 

4. With belt on fourth pair, the speed = 1$°X1105 = 42 RP. M. 
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30 X 24 5 ; 
108 x 84 = 63° Hence, with the 
back gear thrown in, the speeds for the various pairs of steps will be 
those given above multiplied by #3. Thus, 


Dy 2625 Xigs = 205¢-R, PM: | 


The velocity ratio of the train is 


6. 
(esa X<es = 67 RPS MM: 
8 


THE SCREW-CUTTING TRAIN 


7. Screw Cutting.—The engine lathe is frequently used 
for screw cutting. Referring to Fig. 7, the screw-cutting 
mechanism is driven from the gear d,, which is fastened to 
the spindle; this connects with the lead screw /, through the 
gears f,, d,, the idler 7, and the gear f,. To cut a screw 
thread, the work is placed between the centers of the 
lathe and made to turn with the face plate by the dog 6 
clamped to the end of the work. The spindle runs toward 
the operator, or clockwise, as looked at from the outer end 
of the headstock, and the carriage, tool post, and tool, all 
of which are here represented by the pointer, are moved by 
the lead screw along the lathe bed parallel to the axis of 
the spindle. 

In cutting a right-hand thread, the tool must move from 
right.to left, and from left to right in cutting a left-hand 
thread. 

Suppose that the lead screw has a left-hand thread, as 
shown in Fig. 7; then, to move the tool from right to left, 
the lead screw must turn counter-clockwise, regarded from 
the outer end of the headstock; to move the tool from left 
to right, it must turn clockwise. Hence, to cut a right-hand 
thread, the spindle and lead screw must turn in opposite 
directions and the number of axes in the train connecting 
them must be even; while to cut a left-hand screw, the 
spindle and lead screw turn in the same direction and the 
number of axes in the train must be odd. If the lead screw 
has a right-hand thread, these movements must be reversed. 

In Fig. 7, the lead screw has a left-hand thread, and there 
are four axes in the train. To cut a left-hand screw, another 
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axis must be added and with this form of lathe provision is 
made for a second fixed stud, on which is placed a second 
idler between wheels d, and /. 

An arrangement frequently adopted is shown in Fig. 8. 
The driving gear d, on the spindle and the follower f, on the 
stud do not mesh directly together, but the idlers 7, and / 


Fic. 8 


are interposed as explained in connection with Fig. 6. 
These two gears are always in mesh, and rotate on studs 
carried by an arm of the lever a, which is pivoted on the 
same stud as d. and f,. Otherwise, the train is the same as 
that of Fig. 7. When d, drives /, through the single idler /, 
there are five axes in the train, but when the lever a is 
moved downwards d, drives /., 7, drives /,, and /, drives f,; 
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there are thus six axes in the train. Hence, by merely 
shifting the lever a, the number of axes may be made odd or 
even as desired. A right-hand lead screw is generally used 
with this train; hence, to cut a right-hand thread, /, is thrown 
out of gear, and to cut a left-hand thread it is thrown in 
gear. With a left-hand lead screw, the reverse would be 
true. 


8. Gears for Cutting Thread of Given Pitch.—The 
pitch of the thread cut depends on two things, namely, the 
pitch of the lead screw and the velocity ratio of the train 
connecting the lead screw and the spindle. 

Let s = number of threads per inch on the lead screw; 

# = number of threads per inch to be cut. 

Then, while the carriage moves 1 inch, the spindle must 
make ¢ turns and the lead screw s turns; hence, for a given 
travel of the carriage, 

the turns of spindle _ ¢ 
the turns oflead screws 

Since the spindle and lead screw are, respectively, 
the driving and driven shafts, and following the rule 
Of Atte. crs 

¢ _ product of numbers of teeth of all followers 


s product of numbers of teeth of all drivers 
With the train of Fig. 7 or that of Fig. 8, therefore, 
CAPT, 
COMP OME, 


When the lathe has a stud, as in Fig. 7, gears d, and f, 
remain unchanged, and the different pitches required are 
obtained by different combinations of the gears d, and /,. 

f, 


The constant ratio ey may be denoted by 4; then 
t f, 
be eT Rs 1 
F Z. (1) 
t 
= da, 2 
or We (2) 


EXAMPLE.—lf the lead screw, Fig. 7, has six threads per inch, 
d, has 30 teeth, and 4 60 teeth, find proper gears d, and f, to cut four, 
five, six, seven, eight, nine, and ten threads per inch. 
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SoLuTion.— K = 4 = a = 2; 5=6. Then, using formula 2, 
4 
For four threads, i, = 2x6 d, = isd. 
For five threads, is =) sath 
For six threads, fy = 7% do, etc. 
On the stud, place a gear d, having a number of teeth that is some 


Be = a — 12 = bis 
Hence, the number of teeth in f,, the gear to be placed on the lead 
screw, is six times the number of threads per inch to be cut. To cut 
four threads, a 24-tooth gear is required on-the screw; for five threads, 
a 30-tooth gear; for six threads a 36-tooth gear, etc. 

A number of other arrangements are possible. Thus, with an 


multiple of 12; say, 72 teeth; then 4, = 


84-tooth gear on the stud, the gear on the lead screw must have 3 * 6 t 
= 7¢ teeth, and with a 96-tooth gear on the stud, 4 = 5 x rad Ls 
Ans. 


In designing a set of gears for a lathe, the number of sepa- 
rate gear-wheels should be as small as can be found to cut the 
desired range of threads. The change gears should have 
involute teeth, so that the distances between centers may vary 
slightly without affecting the constancy of the velocity ratio. 


9. Compound Gearing.—Lathes are frequently 
designed so that the screw-cutting train can be com- 
pounded. The single idler /,, Fig. 8, is replaced by two 
gears d, and f,, Fig. 9, which are fastened together and turn 
about the axis s. Gear /, is driven by d,, and d, acts as the 
driver for f,, the gear on the lead screw. The general formula 

Spe FSG) Pee 


for this arrangement is — = 5.0F 
Ss da, x ad; x a, 
t Ve f, 
== KX2xKS 1 
2G (1) 


The ratio i is usually kept constant for several pitches, 


3 


the gears f, and d, being changed. Denoting this ratio by 


i — ——— d, (2) 
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The ratio K = 2 is usually either 2 or 1, and the ratio 


1 


eg 2 is usually either 4 or 2, or i or y according asf, ord, 


3 


is the larger of the two gears. 
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The following example illustrates the application of these 
principles: 


EXAMPLE.—In a lathe with compound gearing, gears d, and f, are 
equal, gear d; has 30 teeth, gear f, has 36 teeth, and the lead screw 
has five threads per inch. Find a set of change gears, the smallest 
to have 24 teeth and the largest 64 teeth, to cut from four to six- 
teen threads per inch, using as small a number of gears in the set as 
possible. 
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t 36 dis z_ 36 16 
SOLUTION.—From formula 1, ce ibs 30 74 q,’ or 5 = 30 me FI 
Hence, 4, = H x Xd, = fds. That is, to cut four threads per inch, 


f, = $d,; to cut five threads, , = @d.; to cut six threads, = $d2, 
and so on for the remaining threads. Since d, is always multiplied by 
a fraction whose denominator is 6, let d, be chosen as some multiple 
of 6, say 48. Then, 

For four threads, f, = 4X 48 = 382 teeth 

For five threads, f, = § xX 48 = 40 teeth 

For six threads, ie, &€x 48 = 48 teeth 

For seven threads, /f, = % X48 = 56 teeth 

For eight threads, ff, = § X 48 = 64 teeth 

It is evident that for nine threads, with a 48-tooth gear on the stud, 
there would need to be a 72-tooth gear on the lead screw. But the 
largest gear is to have only 64 teeth. Hence, the size of d, is changed 
to 24 teeth, and then, 


| 


For nine threads, faa 2 C24 =— 36. teeth 
For ten threads, f, = 72 X 24 = 40 teeth 
For eleven threads, ff, = 7¢ X 24 = 44 teeth 
For twelve threads, f = 72 X 24 = 48 teeth 
For thirteen threads, f, = 32 x 24 = 52 teeth 
For fourteen threads, f, = 74 XK 24 = 56 teeth 
For fifteen threads, ff, = 72 X 24 = 60 teeth 
For sixteen threads, 4 = 74 X 24 = 64 teeth 


Therefore, the change gears required are those having 24, 32, 36, 
40, 44, 48, 52, 56, 60, and 64 teeth, respectively, or eleven gears in all, 
since there must be two 48-tooth gears in cutting six threads per inch. 


EXAMPLES FOR PRACTICE 


1. In a lathe geared as in Fig. 7, the wheels d,, 4, and d, have 
18, 24, and 16 teeth, respectively, and the lead screw has six threads 
per inch; what must be the number of teeth in f, to cut eight threads 
per inch? Ans. 16 teeth 


2. Ina lathe like that in Fig. 7, f, has 20 teeth, d, 15 teeth, and the 
ratio K has a value of 3; how many threads per inch must the lead 
screw have to cut twelve threads per inch? Ans. 6 threads 


8. In the lathe of Fig. 9, suppose that the values of K and K, are 
2 and 1, respectively, and that d, has 24 teeth; find how many teeth f, 
must have, in order to cut ten threads per inch. assuming the lead 
screw to have six threads per inch. Ans, 20 teeth 


we 7A) 
— 
o 
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EPICYCLIC TRAINS 


10. In the trains discussed thus far, all the wheels turn 
on fixed axes, that is, axes forming a part of the frame or 
fixed link of the machine. There are trains, however, in 
which a wheel (or several wheels) turns on an axis that itself 
moves relative to the frame. In particular, there are cases 
in which the axis revolves about another fixed axis; a train 
containing such a combination is calied an epicyclic train. 


11. Principle of Combined Rotations.—In Fig. 10, 
a wheel w is pinned at 


B to an arm a that eee Cg 
yA N mye SS 
rotates about the fixed Pa vA \ 
point Ad. The wheel w eal yak \ 
turns about the pin B, ’ we aX } 
which moves in the moO. 
circular path s. With he =“ 
the arm and wheel in Me ve 


the first position, a 
line BC of the wheel 
coincides with 4 &, the 
center line of the arm. 
Suppose that the arm 
moves to a new posi- ‘ 
tion 4 #’; then, if the ‘ 
5 Fie. 10 

wheel were rigidly 
fastened to the arm, the line @C would be at 4’ C’ in the 
line AB’. If, however, the wheel has in the meantime 
turned on the pin 2, BC will have taken some new posi- 
tion B’ C”. Let B’ C” be prolonged to meet BC in £; then 
the angle BA B’ = m, = angle through which the arm has 
turned; angle C’ &’ C” = m, = angle through which the 
wheel has turned on pin &, that is, relative to the arm; 
angle C’ EC = m, = angle through which the wheel has 
turned from its original position. 

The angle m, is an exterior angle of the triangle 4 EB’, 
and it can be proved by geometry that angle m, = angle m, 

Te, T8746 eee 
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+ angle m,. That is, the angle through which the wheel 
has turned relative to the fixed frame, to which the arm a is 
attached at A, is equal to the sum of the angle through 
which the arm has turned and the angle through which the 
wheel has turned relative to the arm. 

It is necessary to pay attention to the direction of the 
rotation; the above rule holds good only when the arm and 
wheel turn in the same direction. -If, however, a counter- 
clockwise rotation is considered as + and a clockwise rota- 
tion as —, and the angles are given their proper signs, the 
rule holds good in all cases. The following examples illus- 
trate this principle: 

1. The arm turns through 40° counter-clockwise, and the 
wheel turns on its pin through 60°, also counter-clockwise. 
Then m, = 40° + 60° = 100°, the angle through which the 
wheel has turned in a fixed plane. 

2. The arm turns 110° counter-clockwise, and the wheel 
turns on the pin 45° clockwise. Then, the turning of the 
wheel in a fixed plane is m, = + 110° — 45° = + 65°. 

3. While the arm makes a complete turn (i. e., 7, = 360°), 
the wheel makes three and one-half complete turns relative 
to the arm, both turns being counter-clockwise. Then, 
relative to the fixed link, the wheel makes + 1+ 33 = + 43 
turns. 

4. The arm makes two turns clockwise, and at the same 
time the wheel makes seven turns counter-clockwise relative 
to the arms. Relative to the fixed link, then, the wheel 
makes V = —2+7 = + 5 turns, that is, five turns counter- 
clockwise. 

5. The arm makes one turn, and the wheel is fixed to the 
arm so that it cannot turn on the pin 2. In this case the 
wheel makes one revolution relative to the fixed plane, 
though it does not turn on its axis. Referring to Fig. 10, if 
the wheel is fixed to the arm, m, = 0 and m, = m,; that is, 
the wheel turns-through the same angle as the arm. 

6. The arm makes one turn counter-clockwise, and at 
the same time the wheel makes one turn clockwise relative 
to the arm. Relative to the fixed plane, the wheel makes 
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+1—1 = O turns; that is, it has no motion of rotation, but 
has only a circular translation. 


12. Train of Two Wheels. 
In Fig. 11, an arm @ joins the two 
gears 6 and ¢ and holds them in ~ 
mesh. Suppose that gear 6 is fixed 
and the arm a is turned counter- 
clockwise about the axis &. Then 
the gear c will turn on its axis; that 
is, relative to the arm, and the case is similar to that shown 
in Fig. 10. According to the principle stated in Art. 11, 

turns of wheel c = turns of arm a + turns 
of c relative toa 
If the arm is fixed and the wheel 4 is given a complete 


a 
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turn, the wheel c will make b turns, where 6 and c denote the 
(b 


number of teeth, the radii, or the diameters of the wheels 
6 and c. It follows that when 6 is held fixed and the arm 


‘makes one turn, the wheel c makes Y turns relative to the 
(S 


arm, just as it did when the arm was fixed. If the arm turns 
counter-clockwise, c turns counter-clockwise on its axis; hence, 
the total number of turns of ¢ relative to the fixed plane 


is 1+ we 
c ’ 
A convenient way of arriving at this result is the following: 


First, assume the arm to be held fixed and give the wheel 6 
one negative turn, that is, a clockwise turn. Asa result, the 


wheel c is een positive turns. Second, assume the wheels 
C 


and arm to be locked together so as to forma rigid body and 
give the whole system one positive turn; the first step gives 
wheel 8 one negative turn, the second a positive turn, and as 
a result wheel 4 is brought back to its first position. As 
regards its arm, the result of the two steps is to give it one 


positive turn; and, as regards the wheel ¢, itis given + 8 turns 
C 


axe: 
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by the first, and + one turn by the second step, or 1 + : turns 


asawhole. It appears, therefore, that these separate motions 
give the same result as the single counter-clockwise turn of 
arn: a with 6 fixed. The results may be tabulated as follows: 


WHEEL 06 ARM @ WHEEL ¢ 


Arr teed na" olan 0 +2 
Wheelslocked .... +1 Sake +1 
Restita te ee ee 0 (fixed) + 1 1 +2 


The algebraic sums in the third line give the total motion 
of each link, and the result may be inter- 
preted thus: With wheel 2 fixed, one turn 


of arm a causes 1 + b turns of wheel c. 
p 


18. Annular Two-Wheel Train. 
Suppose that the fixed gear is annular, as 
shown in Fig. 12. In this case, if the arm 
Frc. 12 is fixed, a clockwise rotation of 4 about 


its axis & will cause b clockwise turns of ¢ about its axis /& 
C 


Applying the method of successive motions, 


WHEEL 6 ARM @ WHEEL ¢ 
ATS LIC Cae eters, oe aL 0 _ 4 
Witeels locked # =. 02 xp 1 +1 _ i 
Result 2 eee. PUlixea eed oe 


That is, with the annular wheel é fixed, one counter-clock- 
wise turn of the arm causes 1 — : clockwise turns of wheel c. 
By the same method, it may be found that one clockwise 
turn of the arm causes ° 1 counter-clockwise turns of the 


wheel c. 
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EXAMPLE 1.—In Fig. 11, suppose that 6 has 60 teeth an | ¢ 24 teeth. 
If the arm a makes 1 counter-clockwise turn, how many turns does 
c make, and in what direction? 


SOLUTION.— 6b Arma C 
Aone GREE! oe ib 0 oa 
Wheels locked ... +1 +1 +1 
0 aie il + boa (= 35, 


Wheel c makes + 33 turns; that is, 33 counter-clockwise turns. Ans. 


EXAMPLE 2.—In Fig. 12, let 6 and c¢ have 60 and 24 teeth, 
respectively; if the arm is given 1 clockwise turn, how many turns 
will c make? 


SOLUTION.— b 
PAT IMMAKEG Tees, fe) eos +1 
Wheels locked ... —1 

0 


Wheel c makes + 13 turns. 
Ans. 


14. Higher Epi- 
eyelic Trains.—In 
rig. 18, the arm a car- 
ries an idler c and the 
wheel d. By the addi- 
tion of fhe) idler) the 
wheel d is caused to 
turn in a direction / 4 
opposite to that of the | 
arm, as in the annular \ 
wheel train, Fig. 12. oe 
Applying the usual 


method of analysis, ca 
b ARM @ Gi a 
b Dot b 
Armunixed. e212... ©0 g ~2x¢(=-5) 
rm nxe ae x ( y 
Wheels locked. +1 +1 +1] +1 
clit ee oe ie Sn ae 
C ad 


With the arm fixed, one negative turn of 6 gives v positive 
¢ 
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turns of the idler c, and for each turn of c, wheel d makes 5 


turns in the opposite direction, that is, clockwise; hence, 
while 6 makes one turn and c makes b turns, d must make 
(Si 


4, 

S 7 = y turns. The idler, therefore, has no effect on the 
GC C 

number of turns of wheel d. 

An interesting result is obtained when 6 and d are of th« 
same size. In this case, 1 — : = 1 — 1 = 0, which means 
that wheel d does not rotate at all but has merely a 
motion of translation. Thus, as shown in the figure, a ver- 
tical line #z remains vertical for all positions of the wheel. 


15. In Fig. 14, the arm a carries the two wheels ¢ and d, 
which are fixed to the same shaft, and the wheele. Wheels 
4 and c mesh together, as do wheels d ande. With the arm 
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fixed, let wheel 4 be given a clockwise turn. Then wheel c, 


and wheel @ which is fast to it, must make 6 counter-clock- 


wise turns. For each turn of d, e makes = turns; hence, 


SIs 


while d makes b turns, e makes oy. g turns. The motions 
C Cue 


when 6 is fixed and the arm is turned are: 
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6 ARM@ cCAND@d é 
b Be co @ 
Armfixeds. ae ot 0 + - -@x$ 
Cc 6» ey 
Wheels locked. +1 , +1 =} a0 4I 
Regie 5 eae 0 +1 {ane eee 
C gE 


The same analysis may be applied to a train with any 
number of wheeis. Thus, suppose that a second wheel ¢f is 
fixed to wheel e, Fig. 14, and that this gears with a wheel ¢ 
that turns about a third moving axis G. For this arrange- 
ment, the analysis gives, 


6b ARM@ candd é AND f £ 
Arm j-1 (0) a2 med oy ay ft 
fixed @ RONG (am ERE: 
Wheels 

1 1 1 1 1 
locked |+ “iB a x a 


Result 0 +1 +(1+2) jee Se Me ee 
c Gane fae Pa Ne 

16. Reverted Trains.—In Fig. 15 is shown a train in 
which the last wheel e turns on the stationary axis of the 
fixed wheel J, and is driven through the gears c and d, of 
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which c engages with 6 and d with e. Such a train is 
ealled a reverted train. The analysis is as_ follows: 
Keeping the arm a fixed, a clockwise rotation of 4 causes 


’ counter-clockwise turns of c and d (¢ and d are fixed 

c 

together), and for each turn of ad, e makes d clockwise turns, 
é 


or u x g turns for one turn of 6. Heiice, 
CHG, 
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ARM a b c AND d é 
Was th 
INGsanl jabcarel 2 0) —1 ie —-xX- 
é G6 

Wheels locked. +1 se ae al +1 
Recnicoe tee et (i © qequte gq eee 
C Cae 


+. A je 
Sey ae 
~ - 
ts ok rn ADV vi 
Ss tw wm 


‘That is, for each positive turn of the arm, wheel e makes 
1— u SK a turns. If 1 is greater than b x up e turns in 
Cee Geare 


the same direction as the arm, but if 1 is less than ae sh 

oN 
it turns in the opposite direction. This reverted train may 
be used to give a slow motion to the wheel e. Suppose 


that the wheels have the following numbers of teeth: 
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GPA’ 80; gd, 402-40) Then —2x? = 1-41 x 
(& 


e 39 x 40 
= 1—% = — 3. That is, 89 turns of the arm a are 
required to give 2 turns of the wheel e. 


17. Annular Reverted Train.—In Fig. 16 is shown 
the application of an annular reverted train. The annular 
wheel 6 forms part of the fixed frame of the machine. A 
frame a has pinned to it three pair of gears, cd, cd, cd, of 
which c¢,c,c¢ engage the fixed annular wheel 8, and d,d,d 
engage with the small pinion e, which is the driver of the 
train. Several revolutions of the pinion e are required to 
produce one turn of the frame a, and the train thus gives 
the desired mechanical advantage. 


EXAMPLE.—In Fig. 16, let 6 have 42; c, 11; d, 29; and e, 12 teeth. 
What is the velocity ratio, that is, how many turns of the driving shaft 
are required for 1 turn of the frame a? 


SoLuTion.—Applying the usuai analysis, 


FRAME a 6 c AND @ é 
b 42 Wn oth BRS O48) 
Brame a nixed 0 = Il SS ai eae Se 
Wheels locked. . +1 +1 + ] +1 
42 42 29 
RVGStlis, cecee 60% i 0 Le At 1+77 X G5 


Velocity ratio = 47 < fs — 4 — 10:23: that is; 10.23 turns of 
the shaft are required for 1 turn of a. Ans. 


EXAMPLES FOR PRACTICE 
1. In Fig. 12, suppose that 6 has 60 teeth and c 12 teeth. If the 
arm a makes 5 clockwise turns, how many turns does ¢ make, and 
in what direction? Ans. 20 turns, counter-clockwise 


2. Let 6 and d, Fig. 13, each have 30 teeth. If @ makes 2 clock- 
wise revolutions, and 6 1 counter-clockwise turn, how many turns 
will d make, and in what direction? Ans. 1 turn, counter-clockwise 


3. Suppose that the gears 6,c,d, and e, Fig. 14, have 80, 40, 40, 
and 20 teeth, respectively. If @ makes 50 turns counter-clockwise, 
how many turns does ¢ make, and in what direction? 

Ans. 200 turns, clockwise 


4. In Fig. 15, let 6,c,d, and e have 45, 15, 35 and 25 teeth, respect- 
ively. If a turns 30 times clockwise, how many turns does e make, 
and in what direction? Ans. 96 turns, counter-clockwise 
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REVOLVING GEAR TRAINS 


18. Differential Back Gears.—Upright drills for 
metal work are sometimes provided with arrangements for 
increasing the range of the speeds and driving power that 
are different from the back gears explained in connection with 
the engine-lathe train. Fig. 17 shows one arrangement for 
this purpose. The cone pulley ¢ is loose on the shafts. A 
casting d, also loose on the shaft, has teeth on the inside, 
thus forming an annular gear. A plate carrying the small 
gear, or pinion, / is fast to the shaft. On the left-hand end of 
the pulley hub is another gear /, which is fast to the hub of 
the cone. The action is as follows: A pin, on which there 
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is a collar and nut, is clamped in the slot 7in the plated. The 
pin projects through d, so that when it is placed in the inner 
end of the slot it will engage with a corresponding slot in 
the plate 4. When it is lowered, however, the pin disengages 
from the plate, but the collar can be made to fall in a slot in 
the arm a, which is a part of the frame. With the pin in the 
former position, gears d, /, and f are locked together, so that 
the shaft must turn with the cone. With the pin in the latter 
position, gear d is locked to the frame and cannot turn, 
while gear f still turns with the cone. Therefore, the plate 
is driven by the train consisting of the wheels f,/Z, and d. 
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Consequently, # and the shaft s attached to it turn more 
slowly than the cone. 


19. Automobile Gearing.—In Fig. 18 is shown a 
revolving bevel-gear train as applied to automobile construc- 
tion. The engine shafts carries the bevel gear 4 and the 
flywheel w, both of which are keyed to it. The second bevel 
wheel d@ can turn on shaft s and carries two sheaves, f and g. 
By means of a band brake &, the wheel d may be held sta- 
tionary; or by means of a clutch /, the sheave g may be fast- 
ened to wheel w so that d is fast to the shaft s. A yoke m 
attached to the sprocket wheel x turns freely on the shaft s 
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and carries the intermediate bevel gears cand e. ‘The shaft 
runs in bearings in the fixed frame a. The following combi- 
nations can be obtained: 

1. Neither brake & nor clutch 4 is applied. The engine 
drives shaft s and wheel 4, wheels ¢ and e act as idlers, and d 
turns with the same speed as 4, but in the opposite direction. 
No motion is imparted to the sprocket wheel z. 

2. The brake & is applied, thus holding wheel d fixed. In 
this case, the yoke m turns one-half as fast as the wheel 6 
driven by the shaft; that is, two revolutions of the shaft are 
required for one revolution of the sprocket wheel. With this 
combination, the automobile is driven at low speed. 
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3. The brake & is released and the clutch g is applied. 
The wheel d is thus locked to the shaft, and therefore d, 4, 
yoke m, and sprocket wheel z all turn as one rigid piece 
keyed to the shaft. Each turn of the shaft gives a revolution 
of the sprocket wheel z, and the automobile is driven at high 
speed. 

4. With the clutch 4 in gear, the brake & is applied, thus 
locking the wheel w with the frame a; this stops the 
automobile. 


REVERSING MECHANISMS 


20. Clutch Gearing.—A reversing mechanism often 
used, especially when the reversal must take place auto- 
matically, is shown in Fig. 19, It consists of three bevel 
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gears, of which the driver d is fast on the driving shaft s. 
The gears f, and /, are continually in contact with d, and 
are loose on shaft #2. A sleeve ccan move endwise on m2, 
but is compelled to turn with it by a key a in the shaft. 
When in the position shown, the notches in c engage with A, 
and mn turns; when the sleeve is in mid-position, 2 will 
not turn; and when thrown to the right, it engages with f, 
and the direction of rotation is reversed. 

If the reversal is to be automatic, some provision must be 
made to insure that after sleeve c has been pushed out of 
contact on one side, it will be thrown in contact with the 
other gear. One way of doing this is shown in the figure. 
The lever 7 is pivoted at 0, and at the other end is forked to 
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embrace c, a roller on each prong running in the groove 
shown. On the rod 7, which is pivoted to / at one end and 
slides in a guide g at the other end, are two collars 4 ande, 
held in place by setscrews. Helical springs are also placed 
on y against the inside of the collars. Suppose that the 
tappet ¢, which is free to slide on 7, is given a motion to the 
right through mechanism connected with 4, but not shown 
in the figure. When it reaches the spring, it will compress 
it until the pressure of the spring on ¢ is sufficient to over- 
come the resistance of the clutch. Further movement of ¢ 
will move c¢ to the right until free of 4, when the energy 
stored in the spring will suddenly throw ¢ in contact with /,. 
The time at which reversal occurs can be adjusted by chan- 
ging the positions of the collars 6 
and e. 


21. Quick-Return Clutch 
Gear.—Sometimes it is desirable 
to have a slow motion in one direc- 
tion with a quick return. Fig. 20 
shows a method that may be used 
for this purpose. The driver d, is 
made cup-shaped so as to allowa 
smaller driver d, to be placed inside. Bie, 20 
For the slow motion, 7, drives f,, and, for the quick return, d, 
drives f,. The change of direction is effected by shifting the 
clutch on the shaft so as to engage alternately with 4 and f,. 


22. Reversing by Belts.—In many machines, espe- 
cially those running at high speed, a reversal of the motion 
is effected by belts rather than gears. Two belts are gener- 
ally employed—one openand one crossed. Sometimes, these 
belts are made to shift alternately from a tight to a loose 
pulley, and in other cases they are arranged to drive two 
pulleys on the same shaft in opposite directions, either of 
the pulleys being thrown in or out by means of a friction 
clutch, as, for example, in lathe countershafts. 


93. Planer Reversing Mechanism.—Of the first class, 
just mentioned, Fig. 21 affords an illustration as applied to a 


ee 
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planer operating on metal. The table # is driven forwards 
and backwards by the rack and gearing shown. The work 
to be planed is clamped to the table #, and during the for- 
ward, or cutting, stroke a stationary tool removes the metal. 
As no cutting takes place on the return stroke, the table is 
made to run back from two to five times as fast as when 
moving forwards. There are three pulleys on shaft 2, of 
which / is the tight or driving pulley, /, and /,, shown in the top 
view, being loose on the shaft. There are two belt shifters g 
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and &, in the shape of bell-cranks, pivoted at a and 4, respect- 
ively. A crossed belt, moving in the direction shown by the 
arrow, runs from a small pulley on the countershaft, and is 
guided by the shifterg. This belt drives the table during the 
cutting stroke. The other belt, which is open, runs over a 
large pulley on the countershaft, and is guided by the shifter &. 

The short arms of the shifters carry small rollers working 
in a slot in a cam-plate c, which is pivoted ato. The ends 
of this slot are concentric about 0, but one end has a greater 
radius than the other. As shown in the figure, the two 
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shifters are in mid-position and the belts are on the loose 
pulleys. Suppose, however, the rod e to be pulled to the 
left. Shifter & will not move, because its roller will con- 
tinue to be in the same end of the slot, which is concentric 
about 0; but the roller on g will be pulled to the left by 
passing from the end of the slot that is of larger radius to 
the end of the smaller radius. The crossed belt will, there- 
fore, be shifted to the tight pulley, which will cause the table 
to run forwards until the dog d strikes the rocker s, thus 
throwing the cam in the other direction. The effect of this 
will be to first shift the crossed belt from the tight to the loose 
pulley, and then to shift the open belt to the tight pulley; 
one motion follows the other, so as to decrease the wear 
and tear of the belts. The length of the stroke of the table 
can be varied by changing the position of the dogs, which 
are bolted to a T slot on the edge of the table. 

The table is driven as follows: The belt pulleys drive 
gear d,, which is keyed to the same shaft; d, drives 4, which 
in turn drives d., keyed to the same shaft; d, drives gear /, 
which in turn drives the table by means of a rack underneath 
it. The circumferential speeds of / and d, are evidently the 
same, and the speed of the table is the same as the cir- 
cumferential speed of the gear d,. The velocity ratio of the 
gearing is generally expressed in terms of the number of 
feet traveled by the belt to 1 foot passed over by the table. 

Suppose the belt pulleys to be 24 inches in diameter, and to 
make JV revolutions while the table travels 1 foot. Let the 
diameter of d, be 38 inches; of 4, 26 inches, and of d.,, 
4 inches. The circumference of d, is 123 inches, nearly, so 
that for every foot traveled by the table, d, and f, will turn 
a = S times. The number of turns made by the belt 
pulleys for each foot passed over by the table is, 
24 x 28 _ 8.32. Hence, 

75 
for 1 foot of travel of the table, the belt travel is 8.82 x #5 
< 3.1416 = 524 feet. That is, the planer is geared to run 
52% to 1. 


therefore, V X 38 = 3% X 26, or V = 
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CAMS AND CAM TRAINS 


24. Cams.—A cam may be defined as a machine part so 
shaped that by its motion it imparts a definite motion to 
some other part with which it 
is in direct contact. The cam 
is the driving part and is 
used to impart a motion that 
could not easily be obtained 
by other means, such as by 
link work or gear trains. 
Cams have the disadvantage 
of small contact surface and 
correspondingly rapid wear, 
and as a general rule are to 
be avoided if other devices 
can be obtained that will do 
the work as well. 

A cam train is usually a 
mechanism of three links, the 
fixed link, the cam, and the 
follower. Anexample is seen 
in the stamp mill for ore 
crushing, as shown in Fig. 22. 
The rotating shaft a carries 
the cam 6, which acts on the 
piecec. This piece is attached 
to the rod d@ that carries the 
stamp e. The rod is guided 
by a framework, not shown 
in the figure. It will be seen that the train has three 
links—the fixed framework, the shaft and attached cam, and 
the stamp. 
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ROTARY CAMS 


25. Fig. 23 represents a common application of the 
plate cam. The cam c is Supposed to turn clockwise, as 
indicated by the arrow, about the axis b, and to transmit a 
variable motion through the roller or follower f and the 
lever / to the rod pg. The lever swings on the axis O, and 
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the roller moves up or down on the arc 0-6, as the cam 
revolves. The roller is held in contact with the cam by its 
own weight and that of the lever and the rod. 

Suppose that the locations of the cam shaft 6 and the rod p 
are known, and that the cam shaft is to rotate uniformly 
clockwise and impart motion to the rod, so that during 
the first half of every revolution it will move uniformly 
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downwards, during the next quarter-turn remain stationary, 
and during the last quarter return to its former position 
with a uniform motion. 

In order to determine the outline of the cam on which the 
circumference of the roller bears, it is necessary to find an 
outline that will give the center of the roller the required 
motion. Then, by placing the point of the compasses at 
different places on this outline, and striking arcs inside of 
it, with radii equal to the radius of-the roller, the curve for 
the actual cam can be drawn, the curve being tangent to the 
arcs and parallel to the first outline. 

In this case, the roller f moves in an arc directly over 
the center of 6. Knowing the distance the rod f is to move, 
it is necessary to choose the point O, and the throw of the 
cam, that is, the distance that f is to move, so that the move- 
ment of J will be to the movement of fas 7 is to a. 

Now, with O, as a center and a radius equal to a, describe 
the arc 0-3-6, in which the center of the roller is to move, 
and mark the highest and lowest points 0 and 6 of the roller. 
The lower point should not be near enough the shaft to 
allow the roller to strike the hub of the cam. 

It evidently makes no difference with the relative motions 
of the cam and roller whether the cam turns clockwise, and 
the lever remains with its axis at O., or whether the cam is 
assumed to be stationary, and the lever and roller to move 
counter-clockwise in a circle about the center 4. This latter 
assumption will be adopted in drawing cams. 

With 4 as the center, draw a circle through O, and space it 
into a number of equal parts, say twelve, and number the 
divisions around to the left. Now, assume the lever 7 to 
move around the axis 4 in a counter-clockwise direction. It 
will take positions O,-1, O,-2,.O;-3, ete. Hence, using these 
several points on the outer circle as centers, and with radii 
equal to a, the length of the lever, describe a series of arcs 
corresponding to the original are 0-3-6. Number these 
arcs 1, 2,3, etc., to correspond with the numbers on the oute1 
circle. During the first half-turn of the cam, or, what is the 
same thing, while the lever is moving from its position at O, 
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to O, on the outer circle, the center of the roller must move 
uniformly from its outer to its inner position. Hence, draw 
the chord of the original arc 0-3-6, and divide it into six 
equal parts, numbering them toward the center as shown. 
Then, with 6 as a center, describe an arc through point 7, 
intersecting arc 1 in point 1,. Now, sweep arcs through the 
other points, getting 2,,3,,4,, etc., which are all points in the 
path of the center of the roller. From QO, to O, on the original 
circle, the center of the roller remains at a constant distance 
from 4; hence, 6, and 9, must be connected by a circular arc. 
From O, to O,., the points are found as before by dividing the 
chord 0-6 into three equal parts and numbering them as 
shown, the numbers running outwards. 

Finally, draw the path of the center of the roller through 
points 7,, 2,,3,,4,, etc.; then draw the outline for the cam 
itself parallel to it, as explained at first. This is easily done 
by setting the dividérs to describe a circle whose radius shall 
be the same as that of the roller f. Next, with various 
points on the curve 0-1,-2,-3, . . . 11, as centers (the 
more, the better), describe short arcs as shown. By aid of 
an irregular curve, draw a curve that will be tangent to the 
series of short arcs; it will be the required outline of the cam, 
and will be parallel to the curve 0-1,-2,-3, . . . 11. 

The question sometimes arises in designing cams of this 
nature, whether it is the chord.0-6 or the arc 0-6 that should 
be divided to give the roller the proper outward and inward 
motions. For all practical purposes either way is sufficiently 
exact, but neither is quite correct, though it is better to space 
the chord. The exact way would be to draw the rod 
and the roller in the different positions desired, and then 
design the cam to meet the roller at these points. 


26. Quick-Drop Cam.—The cam shown in Fig. 24 
differs in principle from the preceding one only in that the 
roller moves in a straight line, passing to one side of the 
center 6 of the shaft. Let it be required to design a cam of 
this nature to turn clockwise, as indicated by the arrow, 
which will cause the roller a and rod £ to rise with a uniform 
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motion to a distance # during two-thirds of a revolution. 
When the roller reaches its highest point, it is to drop at 
once to its original position, and to remain there during the 
remainder of the revolution. Assume the distance from the 
center 4 to the center line of f to be equal to 7. With vas 
a radius, describe a circle about 4, as shown. The center 
line of the rod will be tangent to this circle in all positions. 
With the same center and a radius equal to 64,, A, being 
the extreme outward position of the roller, describe the out- 
side circle 4,-4-S—-A,. 
Divide this circle 
into some convenient 
number of equal 
parts, the number 
depending on the 
fraction of a revolu- 
tion required for the 
different periods of 
motion. Since the 
roller is to rise during 
two-thirds of a revo- 
lution, it is well to 
use twelve divisions 
as before, thus giv- 
ing } X 12 = 8 whole 
divisions for the first 
period. 

Now, proceeding as 
before, by assuming 
the rod to move about the cam to the left, its positions when 
at the points of division A,, 4,, etc., will be represented by 
drawing lines through these points, and tangent to the inner 
circle, whose radius is x The points a and A, are the two 
extreme positions of the roller. Divide the line aA, into 
eight equal parts, numbering them from the inside outwards, 
since the first movement of the roller is outwards. Withdasa 
center, draw concentric arcs through these points, intersecting 
the tangents at 1,,2,,3,, etc. At point 8 on the outer circle, 
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the roller drops along the line 8-8,, the point 8, being deter- 
mined by drawing an arc about 6 with a radius 6a. From 
point 8, back to a, the rod is at rest. The true cam outline 
is now to be found, as was done in the last example, by 
striking small arcs from points on the curve a—1,—2,-3,-4,-5, 
—6,-7,-S-8, as centers, and radii equal to the radius of the 
cam-roller a. This cam can rotate clockwise only in driving 
the rod fp. 


27. Cami for Stamp Mill.—The cam shown in Fig. 25 
is a modification of that in Fig. 24, and is a form that is 
generally used in stamp mills where ore is crushed. The 
axis O of the cam lies at a distance 7 fe 
from the axis BC of the stamp rod. Ue voi 
To construct the cam outline, a circle c | 
is first drawn about O as a center with 
aradius 7. This circle is evidently tan- 
gent to BC at G. The vertical move- 
ment or stroke of the stamp rod is 4 B, 
A being the lowest and & the highest 
point of contact with the cam. This 
length of stroke A B is made equal to 
one-half the length of the circumference 
of the circle c, and the point A is located 
at a distance above G equal to one- 
fourth the circumference of c, so that B 
is at a distance from G equal to three-fourths the circum- 
ference of c. 

Through the point 4, then, the curve m is constructed as 
an involute of the circle c. The final point A’ is found by 
drawing a circle, with O as a center and OB as a radius, 
cutting the curve m at 4’. It will be seen that ZB” is verti- 
cally below D and that &’D is equal to three-fourths the 
circumference of the circle c. For the radius GA of the 
curve #7 is equal to one-fourth the circumference of ¢, that is, 
equal to the arc GH, since the curve m is formed by the 
unwinding of a string from the circle c, starting at #. 
Hence, when the string has been unwound from the are 7G D, 
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or three-fourths the circumference, the radius D #’, repre- 
senting the length of the string at that instant, must be 
equal to the arc HGD. 

The inner curve z may be chosen at random, but it must 
lie wholly within the space between m and A’D. For an 
involute curve the tangent to the base circle ¢ is normal to 
the curve m, and it follows that in any position of the cam 
the tangent at the point lying on BC above G is perpen- 
dicular to BC. Hence, the point of contact of the cam and 
the collar f always lies on AC. As actually constructed, 
two of these cams are placed opposite each other, as shown 
ra Vee PA. 


28. Cams With Tangential Followers.—It is some- 
times necessary to construct a cam to act tangentially on a 
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flat surface as a follower. The follower may have a motion 
of translation, as £ F moving along X Y in Fig. 26, or it may 
turn about a fixed axis, as CD swinging about C in Fig. 27. 
For the first case, the method of designing the cam is as 
follows: Let the line EF represent the flat surface of the 
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follower, O the center of rotation of the cam, and X Y the 
line of motion of the follower. Suppose that the follower is to 
take the positions 2, 3, 4, ete. when the radii O4,, OA.,OA,, 
etc. of the cam coincide, respectively, with the line OY. 
With O as a center and O2, O3, O4, etc. as radii, strike arcs 
cutting corresponding radii in the points 4,, 4.,A,, etc. 
Through 4, draw a line ¢.,, making the same angle with O4, 
as the follower & F makes with OX. In the figure, EF is at 
right angles to OX; hence ¢, is at right angles to OA,. 
This is the usual arrangement. Likewise, draw lines 44, 4,, ¢s, 
etc. through 4,, 4,, A,, etc. and perpendicular, respectively, 
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to OA,,OA,,OA,;, etc. Draw a smooth curve tangent to 
the lines ¢,, ¢:, 4.4, etc., which will be the desired cam outline. 
Sometimes it will be found that the outline cannot be 
drawn without making some part of it concave. In this 
case, the conditions required cannot be met and some of 
them must be changed. All parts of the outline of a cam 
acting tangentially on a straight follower must be convex, 
for a concave part cannot become tangent to the follower. 
In Fig. 27 is shown the construction for a follower that 
oscillates about a fixed axis. This axis is denoted by C, and 
C1, C2, C8, and C4 are follower positions corresponding to 
the radii OA,, OA,, etc. of the cam. That is, when O4A, 
e 
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coincides with the line OB, the follower will be at C2, and 
so on. With O as a center and radius O2 draw an arc 
cutting the first radius at 4., and through the point 4, draw 
the line ¢,, making the angle m, with O 4., equal to the angle 
that C2 makes with O@. Likewise, locate 4, and draw 4s, 
making the angle m, with OA.,; and locate A, and draw 4. 
A curve tangent to the lines C1, ¢,, ¢s, 74, etc., provided that 
it has no concave part, is the required cam outline. 


29, Harmonic-Motion Cams.—If a cam is required to 
give a rapid motion between two points, without regard 
to the kind of motion, its surface should be laid out so as to 
gradually accelerate the roller from the start and gradually 
retard it toward the end of its motion, in order that the 
movement may be as 
smooth and free from 
shocks as possible. 
For this reason, 
cams are frequently 
designed to produce 
harmonic motion— 
that is, a motion of 
the follower like that 
of the steam-engine 
piston with a very long connecting-rod or a slotted cross- 
head. The diagram in Fig. 28 shows how harmonic motion 
is plotted. Let AC be the stroke line. Then the semi- 
circle 4 BC, drawn on AC as a diameter, is divided into a 
number of equal arcs by the points a, 6,c,d, etc. If perpen- 
diculars are dropped from these points, the points 7, 2, 3, 4, 
etc. are obtained on the stroke line. The spaces between 
the latter points represent the distances traversed by the 
moving point in equal time intervals. It will be seen that 
the distances increase from points 7 to 5, and decrease 
ffomaantougy ae 

To apply this motion to the two cams discussed in 
Arts. 25 and 26, simply lay off the distances 1-2, 2-3, 3-4, 
etc. on the chord 0-6, in Fig. 28, or the line 4,a in Fig. 24, 
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in place of the equal spaces used in these figures. Fig. 29 
shows a convenient method of spacing. On the chord 0-6 
as a diameter draw the semicircle 0@6, divide it into a suit- 
able number of equal parts, and project these divisions by 
straight lines on the chord 0-6. Through the points of 
intersection 71, 2,3,4, etc., and 
with B as a center, describe the 
arcs 1—-1,, 2—2,, 3—3,, etc., and com- 
plete the cam outline, as explained 
in Art. 25. 


30. Positive-Motion Cams. 
The cams thus far considered can 
drive the follower in one direction 
only, making a spring or weight 
necessary to keep the two in con- 
tact after the follower has reached 
its extreme position. If, however, the cam-plate extends 
beyond the roller and a groove is cut in it for the roller to 
run in, the motion of the roller is positive in both 
directions. 

The word positive, when applied to a mechanism, has 
a different meaning from any heretofore given to it. A 
mechanism so constructed that nothing short of actual 
breakage of some one of its parts can keep it from working 
properly when motion is imparted to one of the links that 
operates it is called a positive mechanism, or a posi- 
tive gear when speaking of valve gears, and the motion 
produced is called a positive motion. Those mechanisms 
that depend for their operation on the raising or lowering of 
a weight, that is, on gravity or the action of a spring, 
are termed non-positive or force-closed mechanisms. 
Non-positive mechanisms, although extensively used, are of 
a lower order of mechanical excellence than positive mecha- 
nisms, and, other things being equal, a positive motion 
should be chosen when designing a mechanism, since a non- 
positive one will refuse to work if the weight or the part 
operated by the spring should get caught. 


ined 
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A common way of providing for a positive return of the 
follower is shown in Fig. 30. 
The cam-plate has a groove in 
which the roller of the follower 
isheld. The roller is forced from 
the center by the inner side of 
the groove, and toward the cen- 
ter by the outer side. With this 
arrangement, the grooves must 
have a width slightly greater than 
the roller diameter, so that the 
roller will not be in contact with 
both faces of the groove at the same time. 


SLIDING AND CYLINDRICAL CAMS 


381. Sliding Cams.—A sliding cam consists of a plate 
sliding within fixed guides and carrying a curved face that 
acts on the follower. The design of a sliding cam for any 
desired motion of the follower is a simple process. In 
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Fig. 31, suppose that the follower is to occupy successively 
the positions 2, 3, 4, etc., when the points 2’, 3’, 4’, etc. of the 
driving plate coincide with the point 2’ on the line EF of 
the motion of the follower. Erect perpendiculars through the 
points 2’, 2’, 3’, etc., and through the points 7, 2, 3, etc. draw 
lines parallel to the direction of motion of the plate. The 
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intersections 1’, 2’, 3’, etc. are points on the cam outline. 
If the follower has a roller 7, the actual outline is obtained 


by drawing arcs, as shown in 
Figs. 28 and 24. To render the 
motion positive, a second face is 
provided, the two forming a groove 
whose width is slightly greater than 
the diameter of the roller. 


82. Cylindrical Cams.—The 
eylindrical cam is equivalent to 
a sliding cam. Thus, if the plate 
in Fig. 31 is wrapped on a right 
cylinder and this cylinder is rotated 
on its axis, the follower is driven 
in precisely the same way as when 
the plate is given a motion of 
translation. Fig. 32 shows a 
cylindrical cam, consisting of a 
cylinder in which is cut a groove 
to receive the roller of the fol- 
lower. 


Fic. 32 


33. Cams for Screw Machines.—Cams are largely 
used for operating the feed mechanisms and turrets on auto- 


the rod. 


matic screw ma- 
chines. A typical 
arrangement is shown 
in Fig. 33, in which 
the cam, consisting 
of a metal strip a 
attached to a cylin- 
der 6, gives an end- 
wise motion in one 
direction to a rod ¢ 
through a roller d@ 
that is connected with 


The cam revolves continuously, and the roa is 


returned to its normal position by means of a spring not 


< 
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shown in the illustration. The roller dis kept in contact 
with the cam by this spring. The cam moves a sleeve ¢ 
to which both the roller d and 
the rod ¢ are attached. This 
sleeve is guided parallel to 
the axis of the cam by means 
of a rod f, on which it slides. 
The strip a is fastened to the 
cylinder at such an angle, and 
in such a position, as to give 
the required horizontal move- 
ment to the rode. 

By arranging a series of 
strips on the surface of the 
cylinder, as shown in Fig. 34, 
and by using additional roll- 
ers, several movements may be given to the rod, or to more 
than one rod, during each revolution of the cylinder. 


Fie. 34 


RATCHET MECHANISMS 


34. Ratchet Gearing.—lIn the ordinary gear train, the 
office of the wheel is to transmit motion. In the ratchet train, 
on the other hand, the office of one of the parts, called the 
pawl or click, is to prevent the relative motion of two other 
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parts. Two types of ratchet trains are shown in Figs. 35 
and 36; each consists of a fixed frame a, pawl 3, and ratchet 
wheel c. In the first, the wheel c may be turned counter- 
clockwise relative to the frame a, but not in the reverse 
direction; this mechanism has many applications. It is used 
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in winches to prevent the load from running down, and in 
ratchet braces and drills. The ratchet of Fig. 35 is called a 
running ratchet, and that shown in Fig. 386 is called a statzon- 
ary ratchet. In the stationary ratchet, relative motion of a 
and c in either direction is impossible so long as the pawl is 
in action. 

In Fig. 37 is shown a frictional 
ratchet. Rollers or balls are 
placed between the ratchet wheel 
and the outer ring. When the 
ring is turned in one direction, 
the rollers wedge between the 
wheel and the ring, causing them Fie. 37 
to bind and preventing a relative motion between them. 
Motion in the other direction releases them, and permits a 
free relative rotation. 


35. Ratchets for Feed Mechanisms.—Running 
ratchets are frequently used in the feed mechanisms of 
shapers, planers, and other machine tools of this class; the 
arrangement for this purpose is shown in Fig. 388. The 
pawl 4 is carried at the end of 
the arm c, which is caused to 
oscillate by a rod not shown. 
The wheel a has radial teeth, 
and the pawl, which is made 
symmetrical, can occupy either 
position 6 or 0’. In order that 
the pawl may be held firmly 
against the ratchet wheel, its 
axis is provided with a small 
triangular piece, shown dotted, 
against which presses a flat end 
presser, always urged upwards by a spring, also shown 
dotted. Whichever position 6 may be in, it will be held 
against the wheel. 

Ratchet wheels for feed mechanisms must be so arranged 
that the feed can be easily adjusted. This is often done by 


Fic. 38 
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changing the swing of the lever c, Fig. 38, which is usually 
connected by a rod with a vibrating lever having a definite 
angular movement at the proper time for the feed to occur. 
This lever is generally provided with a T slot, in which the 
pivot for the rod can be adjusted by means of a screw and 
nut. By varying the distance of the pivot from the center of 
motion, either one way or the other, the swing of the armc 
can be regulated. 

Another method of adjusting the motion is shown in Fig. 39. 
The wheel turns on a stationary shaft or stud 0, and the 
end of the shaft is turned to a smaller diameter than the rest 
and is threaded, thus forming a shoulder against which an 


Fie. 39 


adjustable shield s can be clamped by the nut z. Back of the 
wheel is the arm ¢c, also loose on the shaft, carrying the pawl 4, 
which latter should be of a thickness equal to that of the 
wheel, plus that of the shield. The teeth of the wheel may 
be made of a shape suitable to gear with another wheel, to 
which the feed-motion will then be imparted, or another 
wheel back of and attached to the one shown could be used 
for the purpose. 

The extreme left-hand position of 4 is shown at 6’. Here 
the pawl rides on the shield and does not come in contact 
with the teeth of the wheel. When the pawl comes to the 
right-hand edge of the shield, however, it will drop into con- 
tact at d; and, if 6” is the extreme right-hand position, the 
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wheel will be turned through a space corresponding to 
3 teeth. If the shield should be turned to the right, the 
wheel will be moved a smaller number of teeth each time; if 
it should be turned to the left, a feed of four or more teeth, 
up to the full capacity of the stroke, can be obtained; with 
the shield in its mid-position, it will carry the pawl during 
the whole swing of the arm and there will be no feed. 


36. Ratchet and Screw.—Where ratchets are employed 
in the feed-motions of machine tools, they are made to operate 
a screw, which, in turn, drives the head carrying the tool. 

EXAMPLE.—A ratchet having 80 teeth is attached to the end of a 
screw having six threads per inch. If the pawl is set to move the 


ratchet 3 teeth for every stroke of the arm, how much feed will the 
tool have, supposing it to be moved directly by the screw? 


SoLuTIon.—One turn of the screw will move the tool? in. But for 
each stroke the ratchet and, hence, the screw move #5 turn, and the 
tool will travel > X 3 = reo = .0062D in. Ans. 
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PULLEYS AND BELTING 
BELT GEARING 


KINEMATICS OF FLEXIBLE GEARING 


1. Transmission by Belts, Ropes, and Chains.—The 
transmission of motion and power between shafts that are 
some distance apart may be effected by belts, ropes, or chains 
running over suitable pulleys. Belts forma convenient means 
of transmitting power, but owing to their tendency to stretch 
and slip on the pulleys, they are not suitable where an exact 
velocity ratio between the shafts is required. For driving 
machinery, however, this freedom to stretch and slip is an 
advantage, since it prevents shocks that are liable to occur 
when a machine is thrown suddenly into gear, or when there 
is a sudden fluctuation in the load. 

For transmitting considerable power between shafts at 
some distance apart, ropes are frequently used instead of 
belts. The advantages of rope driving are lightness, low 
first cost, smooth running, flexibility, and ease of repair. 
With rope drives, the shafts connected are generally run at 
high speeds. Chain gearing is used when positive driving 
is essential, and also for the transmission of large powers. 
Ordinarily, with chain drives the motion is slow, although 
recently chains of special forms have been devised for high- 
speed transmission, and these are being used quite exten- 
sively in place of belts. 
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VELOCITY RATIO IN BELT AND ROPE DRIVES 


2. Velocity Ratio of a Pair of Pulleys.— Let the 
pulléys a and 4, Fig. 1, be connected by a belt or rope, and 
let D, and D, denote their respective diameters, and WV, 
and J, their respective velocities, expressed in revolutions per 
minute. The speed of a point on the circumference of either 
pulley, assuming that the belt neither slips nor stretches, is the 
same as the speed of the belt. Then v, the speed of the belt, 


in feet per minute, is equal to the product of the circumference 
of the pulley, in feet, and the revolutions per minute. That is, 
(= HOIOR ING, Bah) —— 7 JOVI ASAE, Fe Or eID iG aa 
LING en) tN (fT) 
Nase (2) 
Neo 
That is, the speeds or numbers of revolutions of two pulleys 
connected by belt are inversely proportional to their diameters. 
In formulas 1 and 2, the diameters may be taken in either 
feet or inches, but the same unit must in every case be used 
for both diameters. 
EXAMPLE 1.—A pulley 30 inches in diameter, making 210 revolu- 
tions per minute, drives a second pulley 14 inches in diameter; how 
many revolutions per minute does the latter pulley make? 


SoLuTion.—From formula 1, 30 xX 210 = 14 x M;, whence 


30 x 2 
oe se = 450 RMP aM ae 


or 
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EXAMPLE 2.—The driving pulley of a machine is 1 foot in diameter 
and must make 750 revolutions in 5 minutes; what size pulley should 
be used on the driving shaft, if its speed is 143 revolutions per minute? 


SoLution.—In all examples of this kind, the speeds and diameters 
must be reduced to the same units. 750 revolutions ind minutes = 750 
+5=150R.P.M.; 1ft.=12in. Hence, 12 x 150 = D; x 143, whence 


_ 12x 150 


= ==" 1276) in). . : 
dD, 143 12.6 in., nearly. Ans 


&. Influence of Belt Thickness.—The formulas in 
Art. 2 are based on the assumption that the thickness of 
the belt is so small in comparison with the pulley diameter 
that it can be neglected. Actually, only the center line of 
the belt or rope has a constant speed v; hence, if ¢ denotes 
the thickness of belt or rope, the effective radii are ~ +27 
and 7, + 2 7, while the effective diameters are D, + ¢ and D; 
+ ¢, respectively. Formula 1, Art. 2, therefore becomes 


Na (Da + t) = WN; (Ds + £) (1) 
and formula 2, Art. 2, becomes 
Ne _ Dott (2) 
NV; D+t 


EXAMPLE.—TIf, in the first example of Art. 2, the belt thickness is 
% inch, how many revolutions per minute does the 14-inch pulley 
make, taking account of this thickness? 


SoLutTion.—From formula 1, V,(0D.2+?) = N.(2,+ 72), whence, 
3 

210 x (30+ 3) = MX (14+%) and NM, = 210 x —5 = 444 R. P.M., 
8 


nearly. Ans. 


Hence, by taking belt thickness into account, the speed of 
the driven pulley is reduced from 450 to 444 revolutions per 
minute, or about 1.8 per cent. In practice, however, the 
thickness of the belt is usually neglected. 


4. Velocity Ratio in Compound System of Belts. 
In Fig. 2 is shown a compound system of belts in which 
there are six pulleys, a, 6,c,d,e, and ¢. Denoting the diam- 
eters by D,, Ds, etc. and the revolutions per minute by V2, 
N,, etc., for the three pair a and 6,c and ad, e and f/f, the 


following relations exist: . = = = 7 and - = a 


Multiplying together the left-hand and right-hand members, 
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respectively, of these three equations, and placing the prod- 
IN 5 RNG ING ee LPs Oe 
Ny Na CONE DX De 
Now, pulleys 4 and ¢ are fixed to the same shaft and make 
the same number of revolutions per minute; hence, V; = /V., 
and for the same reason V, = 4V,. Canceling these equal 
quantities in the fraction, it becomes 
Nz _ Ds X Di X Dr (1) 
Ng el De ep 
OtPNe XcD eX De tN es DD (2) 
Considering separately the three pair connected by the 
three belts, pulleys a, c, and e may be taken as the drivers, 


ucts equal to each other, 


and pulleys 4, d, and f as the followers; then formula 1 may 
be expressed thus: 
R. P.M. of first driver _ product of diameters of all followers | 
R. P.M. of last follower — product of diameters of all drivers’ 
and formula 2 thus: The speed of the first driver multiplied 
by the product of the diameters of all the drivers is equal to the 
speed of the last follower multiplied by the product of the diam- 
eters of all the followers. 

The thickness of the belt may be taken into account by 
increasing all pulley diameters by an amount equal to that 
thickness. 


EXAMPLE.—An emery grinder is to be set up to run at 1,200 revo- 
lutions per minute. The countershaft has pulleys 20 and 8 inches in 
diameter, The pulley on the grinder is 6 inches in diameter and is 
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belted to the 20-inch pulley on the countershaft. The line shaft runs 
at 180 revolutions per minute and carries a pulley that is belted to the 
8-inch pulley on the countershaft. Calculate the diameter of the line 
shaft pulley. 


SoLutTion.—From formula 2, 180 Xk D x 20 = 1,200 X 8 X 6, whence 
_ 1200xX8x6_.,. 
De 180 <30. = 16 in. Ans. 
5. Pulley Diameters.—When the speeds of the first 
and last shafts are given, and the diameters of all the pulleys 


are to be found, the following rule may be applied: 


Rule.—Dzivide the higher speed by the lower. Tf two pulleys 
are to be used, this quotient will be the ratio of their diameters. 

It four pulleys are required, find two numbers whose product 
zs equal to this quotient. One of these numbers will be the ratio 
ot the diameters of one patr of pulleys, and the other number will 
be the ratio tor the other patr. 

EXAMPLE.—It is required to run a machine at 1,600 revolutions per 
minute, the driving shaft making 320 revolutions per minute; what 


size pulleys are required: (a) when two pulleys are used; (6) when 
four pulleys are used? 


SortutTion.—(a@) 1,600 + 320 = 5. Thetwo pulleys must, therefore, 
be in the ratio of 5 to 1, the driving pulley being five times as large as 
the driven pulley, since the latter has the greater speed. Then assume 
diameters of 30 and 6in. Ans. 

(6) 23X2= 5. One pair of pulleys may have the ratio of 23 tol, 
and the other pair, 2 to 1. Assume diameters of 25 and 10 in. for one 
pair, and of 12 and 6 in. for the other pair. Ans. 


6. Direction of Rotation.—When a belt connecting 
two pulleys forms a single loop, it is called an open belt. 
If, however, it forms a double loop, like a figure 8, it is called 
a erossed belt. Thus, in Fig. 2, the pulleys a and 6 are 
connected by an open belt, as are the pulleys ¢ and d, while a 
crossed belt connects the pulleys e and f. Pulleys connected 
by open belts turn in the same direction, and those connected by 
crossed belts in oppostte directions. If several belts are used 
between the first driver and last follower, these will turn in 
the same direction if there is no crossed belt, or if there is 
an even number of crossed belts, but in opposite directions 
if the number of crossed belts is odd. 
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EXAMPLES FOR PRACTICE 


1. A driving pulley is 54 inches in diameter, and the driven pulley, 
which runs at 112 revolutions per minute, is 2 feet in diameter; what 
is the speed of the driving shaft? Ans. 62.22 R. P.M. 


2. The flywheel of an engine running at 180 revolutions per minute 
is 8 feet 5 inches in diameter; what should be the diameter of the pulley 
that it drives if the required speed of the latter is 600 revolutions per 
minute? : Ans. 3033 in., nearly 


3. A machine is to be belted through a countershaft, so as to run 
at 1,200 revolutions per minute, the speed of the driving shaft being 
120 revolutions per minute; find three ratios that could be used for 
two pair of pulleys. D 9s and 2 Pel 

Ans {! 2 land 222c1 
So. land Saree 

4. An emery grinder is to be set to run at 1,400 revolutions per 
minute; the countershaft has pulleys 30 and 8 inches in diameter; the 
pulley on the grinder is 7 inches in diameter; what size pulley should be 
used on the line shaft, its speed being 185 revolutions per minute? 

Ans. 14% in. 


LENGTHS OF OPEN AND CROSSED BELTS 


7. Length of an Open Belt.—lIn the discussion of the 
lengths of belts the following symbols will be used: 
R = radius of larger pulley; 
y = radius of smaller pulley; 
s = sum of radii of the two pulleys, R+7; 
d = difference between radii of the two pulleys, R —7; 
e = angle, in degrees, of straight part of belt with line 
joining centers of shafts; 
hk = distance between shafts; 
Z = total length of belt. 

In Fig. 1, 17 CDN represents half the length of the belt. 
This distance is made up of three parts, 17C, CD, and DN, 
so that 

4+1=MC+CD+DN (1) 

In the figure, the radii 4d C and BD are drawn perpendic- 
ular to the common tangent CD, and hence they are parallel. 
Furthermore, &£ is drawn parallel to DC, and BECD is 
therefore a rectangle. Hence, 2 Fis equal to CD and makes 
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the same angle e with 17 as would CD if it were extended 
tommeet J7V2 “Also, GE = DB = +7 But, AE = AC 
— C#,andsince A C= RandCE=r7,AE=R-—r. Now, 
the angles Y AC and Y’BD have their sides respectively 
perpendicular to the sides of the angle e. Hence, by 
geometry, angle YAC = angle’ ABD = angle e. And 
since the angles 7A Y and Y’ BW are right angles, it 
follows that the angle 7A C = 90° +e, and the angle DB N 
= 90° —e. 

The circumference of the larger pulley is 27, and the 
arc 7 C bears the same ratio to the whole circumference that 
the angle 17.4 C bears to 360°. In other words, WC:27zR 


= 90+¢:360, or the arc MC = anRx WHE = aR 
x “re By the same course of reasoning, the are DNV 
90 —e 
= ie Seven INIQO, (CID= == IPI. = ALIS. COS 2 = 1) COSC 
Substituting these values of 17C, CD, and DN in formula 1, 
pe aRx +E + peosetarx SoS 
= a Ridso + aR +h cos aay ttt Pa, 
= yeaa! +2 (R—1) = + h cos 


= gi ttdzn th cose 


Then, L=as+ad+2h cos € (2) 


AE _ R-fs do sin e, the angle e may readily 
AB h h 


be found from a table of natural sines by taking the angle 


Since 


corresponding to the value that equals <. This value of e, in 
(Z 


degrees, is substituted in formula 2. 
EXAMPLE.—In Fig. 1, let the pulleys have diameters of 20 and 


12 inches, respectively, and let the distance between the centers of the 
shafts be 4 feet; calculate the length of the open belt required. 


qe" 
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Sotution.— FR = 10,7 = 6,d =10—6 =4,s5 = 10+6=16, and 
aq 4 
heme’ oa .0833, whence 
e = 4°47! =4.8°, nearly, and cos e = .9965. Substituting these values 
in formula 2, 

Z = 3.1416 X 16+ 3.1416 X 4X +8 +2 x 48 & .9965 


= 146.6010) —sl2efh 2-6 tie ans. 


hk = 48 in. To find the angle e, sin ¢ = 


8. When the angle eis comparatively small, the follow- 
ing formula gives a sufficiently exact approximation to the 
length of an open belt: 

L 
L= ns+2h(1+ 2) 

The greater the difference in radii and the smaller the 

distance between the pulleys, the less exact is the formula. 


EXAMPLE.—Solve the example of Art. 7 by the approximate method. 


4? : 
SoLuTion.— /= 3.1416 x 16+ 2x 48 x (1 _ oe) = 146.50 11. 
Ans. 


The difference between the two results is only ¢ inch. 


9. Length of a Crossed Belt.—Referring to Fig. 3, 


Fic. 3 


it appears that for the half length of the crossed belt 
2/=arceMC+CD+arc DN Gh) 

The angles CE A and DEB are each equal to e, and the 
radii 4 Cand 2D are drawn perpendicular to CD. Hence, 
the angles C4 F and DBK are each equal to e, since their 
sides are perpendicular, respectively, to the sides of CEA 
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and DEB. Then, the angle VAC = MAF4 CAF = 90° 
+e, and the angle VB D = NBK+DBK = 90° +e. 
Therefore, by the same reasoning as in the case of the open 


belt, the arc WC = eRe, and the arc DN = zr 


180 

90 + @é ; 
ara ISOMEGD: =a De But CL =) Az 
cos CEA = AE cose, and£ZD = EBcosDEB= EB 
cos e¢. Then, substituting these values, CD = AE cos e 
+FBcose = (AZ+EZB) cose = hoose. 

Next, substituting the values of 17C, CD, and DW in 
90 + ¢ 90 +e 

h ac 
30 Rade e180 


—+ h cos e, from which 


formula 1844/2 mR < 


90 +e 
ee 
re + 7) 180 +2h cose (2) 


l= i Qh 
or zs( +<)4 h coS € (3) 


The angle e may be determined from the triangles 4d CE 
and B DE, in which AC = AF sine and BD = EB sine. 
Adding, AC+BD = (AZ+£B) sine, or (R+7) = 
= A sin e, whence 


Ne sere A 
sine = 5 (4) 


EXAMPLE.—In the example of Art. 7, calculate the length of the 
belt if it is a crossed belt. 


SOLUTION. — wa — 1037, —=16> 2 = 10 — 16 455 — 10-76 — 16 sand 
Ss 16 , : 
= ace .03933, from which e 
= 19° 28’ = 19.47°, and cos ¢ = .9428. Using formula 3, 


Z = 3.1416 x 16 (1 + Sa) +2 x 48 X .9428 = 151.65 in., 


A = 48. By formula 4, sin e = 


or 12 ft. 734 in., very nearly. Ans. 


EXAMPLES FOR PRACTICE 


1. Two pulleys have diameters of 36 inches and 20 inches, 
respectively, and the distance between their centers is 128 inches; find 
the length of an open belt to connect them. Ans. 344.5 in. 


Vac 
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2. What length of crossed belt is required to connect two pulleys 
of 42 inches and 18 inches diameter, respectively, if the distance 
between shaft centers is 8 feet? Ans. 295.7 in. 

3. Using the formula of Art. 8, find the length of an open belt to 
connect two pulleys 30 inches and 36 inches in diameter, respectively, 
the distance between centers being 12 feet. Ans. 391.7 in. 


CONE PULLEYS 
10. Variable Speed.—Speed cones are used for vary- 


Ts 
hcttta 


ce 
Lu 
rere 


Fic. 6 Fic. 7 


ing the speed of a shaft or other rotating piece driven by a 
belt. Figs. 4 and 5, respectively, show continuous cones and 
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conoids, the former being suitable for crossed and the 
latter for open belts. The speed of the driven shaft can be 
raised gradually by shifting the belt. Figs. 6 and 7 show sets 
of stepped pulleys. Asa flat belt always tends to run to the 
larger end of a conical pulley, continuous cones or conoids 
require special provision for keeping the belt at any desired 
point on the pulley. For this reason, stepped cones, rather 
than continuous cones, are generally used. Whenever possi- 
ble, it is desirable to have both pulleys alike, so that they 
can be cast from one pattern. 


11. Continuous Cones for Crossed Belts.—Let a 
and 6, Fig. 8, represent two *F 
speed cones of the same size, 
having the diameters of the 
large and small ends equal to 
D and d, respectively. The 
driving cone a has a uniform 
speed of WV revolutions per 
minute, while the speed of 6 ~-— 
is #, Or 2, revolutions per +s 
minute, according as the belt {{ 
runs at the small or large il 
Cider ltetismasstd in ecatihiatc meas 
pulley 4 is to have a range Fic. 8 
of speeds between z, and z, revolutions, 7, being the greater. 

Since a and 6 are to be the same size, a certain relation 
must exist between /V and z, and 7,. 


N Revolutions 


Revolutions 


Ne Revolutions 


From formula 1, Art. 2, VD = 2,.d, or D= me. and 


INGE == Gir Joe, Oe 1D = ae Placing the two values of D equal 
Ns 
to each other, ad = — or 


N =n, (1) 


That is, WV must equal the square root of the product of n, 
und 2. 


12 PULLEYS AND BELTING 314 


Having determined JV, the relation between Dyandad. 


S22 ide Tal 
can be found. Since V = ue and NV = ' a pes 


or 


n, a’ =xn,D*. Hence, 
D= a (2) 
No 


That is, the large diameter ts equal to the smaller diameter 
multiplied by the square root of the quotient of n, divided by nz. 


EXAMPLE.—Two continuous speed cones are to be designed to give 
a range of speed between 100 and 700 revolutions per minute; they are 
to be alike in all respects. What must be the speed of the driving 
shaft and the large diameter of the cones, assuming the small diameter 
to be 4 inches? 


SoLution.—From formula 1, V = Vz, 72. = V100 X 700 = 770,000 
= 264.57 RYPeM. “Ans: 
From formula 2, 


(su Rw rete = 4 2.646 = 10.584 in. Ans. 
hs 100 


12. Cone Pulleys for Crossed Belts.—Speed cones, 
to be properly designed, should have their diameters at 
different points so proportioned that the belt will always 
have the same length, when tightly drawn, whatever its 
position. With crossed belts, this condition is easily fulfilled, 
as it is only necessary to make the sum of the corresponding 
diameters or radii the same for all pairs of steps, or, in the 
case of the continuous cones, for all belt positions. The 
truth of this statement may be shown as follows: In Fig. 3, 
suppose the belt to run onthe pulleys shown by dotted lines, 
the sum of whose radii is equal to the sum of the radii of the 
pulleys a and 46. Then, since it is assumed that d4G+ BH 
= AG’+ 8A’, it follows, by subtracting 4 G’+ BA from 
both members of the equation, that 4G — AG’ = BH’ 
— BH, or GG’ = HA’, and it can be proved by geometry 
that G’ 7’ is parallel to GA and equal toitinlength. Like- 
wise C’ D’ is equal to and parallel to CD. Then the right 
triangles CE A and C’ £’ A have the angle CA E in common. 
Also, the angles 4 CE and A C’ £’ are equal, since each is a 
right angle. Now, the sum of the three angles of a triangle 
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is equal to two right angles, and since the triangles CE A 
and C’ £’ A have two angles of the one equal to two angles 
of the other, it follows that their third angles are equal, or 
CHA =C'E’A. Therefore, with the belt in the position 
shown by the dotted lines, the sum s, the angle e, and the 
distance # are the same as for the position shown by full 
lines. Consequently, the length of belt as found by for- 
mula 3, Art. 9, will be the same in both cases. Hence, for 
crossed belts, the sum of the corresponding diameters of two speed 
cones Should be the same at all points. 

EXAMPLE.—The steps of a cone pulley have diameters of 7, 83, 10, 
and 12 inches, respectively, and the diameter of the step on the other 


cone corresponding to the 10-inch step is 8$ inches; calculate the diam- 
eters of the remaining steps for a crossed belt. 


SOLUTION.—Sum of diameters = 10 + 8% = 18%in. Since this is to 
be the same for all pairs, the diameters of the remaining steps are as 
follows: 


Hor the 7-in. step! S. : 2m .« 188 — 7 =112in. Ans. 
Bortherss-inastep 9s a ele 182 — 8% = 102 in. Ans. 
Forthei@sinwystepe. # is2) oo 6 3 188 —12 = 6%in. Ans. 


18. Cone Pulleys for Open Belts.—When an open 
belt is used, the sum of the diameters does not remain the 
same. In order that the belt shall run equally tight in all 
positions or on all steps, the sum of the corresponding diam- 
eters D+d is the smallest when ) —d has its greatest 
value, that is, when the diameters are most unequal, and is 
greatest when D = d, that is, when the diameters are equal. 
The difference between cones for open and for crossed belts 
is shown in Figs. 4 and 5. With the crossed belt, the sides of 
the cone are straight, while with the open belt the sides bulge 
near the middle sections, showing that the sum D +d is 
greater at the center than at the ends. The distance y, Fig. 5, 
must be added to each radius at the middle section to make 
the cones of Fig. 4 suitable for an open belt. 


14. Numerous formulas are given for finding corre- 
sponding step diameters, but they are approximate, and are, 
moreover, not easy to apply. The following graphic 
method is very accurate, is easy to use, and is generally 


. 


{2 
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considered preferable to methods making use of calculations. 
It is known as Burmester’s method. 

Let 4 Z, Fig. 9, be a horizontal line, and 4 Wa line at 45° 
with 4 Z. From A, lay off 4 2 on A W to represent to some 
scale the distance 2 between the axes of the cones. From 8B, 
lay off BC at right angles to dB and make BC = 2A 8B. 
Then, with 4C as a radius and 4 as a center, draw the 
arc CDE. Now, draw any line XX parallel to AZ and 
cutting 48 at O. Locate on the arc CDE any points, 


rs Fic. 9 


as 1V,, V., NV;, etc., to the right of O, and from these draw the 
vertical lines V,f., NV. P,, etc., to cut the line XX in the 
points P,, P., Ps, etc., and the line 4 Win the points 14, 1, 1G, 
etc. Now assume that P, VV, represents the radius of a step 
to the same scale that 4 Brepresents the distance 4; then O P,, 
or the equal length P, 17Z,, represents to the same scale the 
radius of the step that is the mate to the step P, V,. Simi- 
larly, P, VW, and OP,, P,N, and OP,, P.N, and- OP, are 
corresponding radii of steps. 

if OX be taken as the axis of one stepped cone, the 
steps may be found by projecting horizontally from ,, \,, 
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etc. The half cone thus obtained is shown ata. The other 
cone 6 may be laid off on the vertical line OY as an axis 
by projecting vertically from the points P,, P., P., etc. The 
corresponding steps “on a and 6 have the same numbers; 
thus 2 goes with 2, 3 with 3, and so on. 

The actual sizes of the cones depend on the location of the 
axis XX. If this line is raised so that O is nearer B, the 
radii of all steps on both cones will be, smaller; and con- 
versely, if O is taken nearer A, all radii will be greater. 

Usually the radii of one pair of steps are given or assumed, 
and in this case the axis XX can be located as follows: 
Take any point QO on AB and lay off OS vertically down- 
wards to represent the smaller radius 7; then from the 
point S lay off S 7 upwards to represent the larger radius 2. 
These radii are drawn to the same scale as 4 8 is drawn to 
represent 2. Now through S and 7 draw lines parallel to 
AB, and through ,, where the line from 7 cuts the arc 
CDE, draw a vertical line cutting the line from S in P,; 
then through P, draw the axis X X cutting 4d Win O. 


15. Frequently, the steps of cones are to be given diame- 
ters such that definite velocity ratios, fixed beforehand, will 
be given as the belt is shifted to different pairs of steps. 
An example will show how this may be done. Suppose that 
each cone is to have five steps; that the cones are to be alike, 
so that they may be cast from the same pattern; and that 
the velocity ratios for the first two pair are 4 and 2, respect- 
ively. The distance # is known or assumed. Let it be 
40 inches. Since the cones are to be alike and the number 
of steps is odd, the diameters of the middle steps must be 
the same; let this diameter be taken as 16 inches. 

For an open belt, the other steps are found by the follow- 
ing method: In Fig. 10, make 4 & = 40 inches to some scale, 
and draw the arc CDE as described in connection with 
Fig. 9. From the intersection drop a vertical line; on 
this lay off DP, equal to the radius of the middle step, or 
18 inches, to the same scale as 4 #4, and through P, draw 
the axis XX. On XX lay off, from O, any convenient 


cnr 
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length OH, erect a vertical line at H, and then lay off H K 
= 1QHandHL =+0OW8H. Join X and L to O, and let 1, 
and JN, represent the intersections of the lines OX and OL 
with the are CD &. Then from J, and J, drop the perpen- 
diculars V, P, and V,P?,0on OX. Now OP, and ?, JN, are the 
first pair of radii, and OP, and P, V, the second pair. These 
pairs give the required velocity ratios 4 and 2; for, since the 


im | 
Il 
Pa 2 | 
Emi 
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triangles OP, NV, and OH & are similar, the ratio of the 
radii R, 37, = OP,: PiNy = Of: AK =4- 1; and sinte 
the triangles OP, NV, and OA ZL are similar, R,:7, = OP, 
had COLT eats 

The lines OP, and P, D, which are equal, give the radii R, 
and 7, of the middle steps. Projecting P,, P,, and P, parallel 
to O Y, the steps 1, 2, and 3 of the cone 6 are obtained. Now, 
since the cones are to be alike, step 4 of cone 6 must have 
the same radius as step 2 of cone a, that is, P, V.; and 
step 5 of 6 must have the radius P, V, of step 1 of cone a. 
By measurement, the various radii are as follows: 
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STEPS 1 2 3. 4 6 
Cone ds (Ae eee 875 in. Zin. 8in. 10}in. 122 in. 
Cone Dyes eae eens 127 in. 10} in. Sin. 52in. 3,5 in. 


For a crossed belt, the problem is easily solved by a 
simple calculation. The sum of the radii of the equal middle 
steps is XR, + 7, = 8+ 8 = 16 inches, and this sum is con- 
stant.. That is, A.+7 = 16. But 2, = 47, for this pair 
of pulleys. -Then47,+ 7, = 16, 57, = 16, or 7, = 8.2 inches, 
and #, = 16 — 3.2 = 12.8 inches. 

Also, x, +7, — 16, But, = 27, for this. pair. Hence, 
at 7 LO, 7491 6;, OF 7, = 5.30: inches, and A, = 16 
— 5.88 = 10.67 inches. 

If the distance between the axes of the pulleys to be con- 
nected by open belt is great, or if, as is sometimes the case, 
one of the axes is adjustable, the diameters can be calculated 
as though the belt were crossed. Otherwise, when designed 
for open belts, they should be laid out as described in 
Arts. 14 and 15. 


EXAMPLES FOR PRACTICE 


1. Two continuous speed cones are required to give a range of 
speed between 100 and 600 revolutions per minute; assuming the 
large diameters of the cones to be 14 inches, what must be: (a@) the 
small diameters; and (4) the speed of the driving shaft? Both cones 


are to be alike. (a) 5.71 in. 
Ans.{ (6) 244.95 R. P. M. 


2. In example 1, if the speed of the driving shaft were 260 revolu- 
tions per minute, and the slowest speed of the driven cone 140 revolu- 
tions: (@) what would be the greatest speed of the driven cone? 
(6) what would be the ratio of the large and small diameters of the 

? a) 482.86 R. P. M. 
oe Ans.{ (3) 1.86 :1 

3. The radii of one of two speed cones are 3, 53, 8, and 10 inches 
and the radius of the step on the second cone corresponding to the 
8-inch step on the first cone is 6 inches. Find the radii of the second 
cone, the distance between shafts being 30 inches and an open belt 
being used. Ans. 1075, 87%, 6, and 33 in. 

4. The distance between the axes of two cones is 36 inches and an 
open belt is used. The two cones are to be alike, and are required to 
give velocity ratios as follows: 

STEPS I 3253 
VelOCitystatiOM ments eare weenie csr ese ec) ies el 


wr He 
or OU 


ie) 


b|~ 


ILT 374-11 
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The radii of the first pair are, respectively, 15 inches and 5 inches. 
Find, by the graphic method, the radii of the other pairs. 
STEPS 1 2 3 4 5 
Ans.; Cone a, 15 in. 1238in. 10;,in. 8 ,in. 5 in. 
Cone 6, 5in. . 8 ;in. 10yGin. 1238 in. 15 in. 
5. With the data of example 4, calculate the radii for a pair of 


cones with a crossed belt. A Cone a, 15 in. 12 in. 10 in. 8 in. 5 in. 
98-) Cone 6, 5 in. 8 in. 10 in. 12in. 15 in. 


POWER TRANSMISSION BY BELT 


16. The Effective Pull.—In Fig. 11, let d and f be 
two pulleys connected by a belt, d being the driver and ¢ the 
follower. To avoid undue slipping, the belt must be drawn 

SS Tension Te ee tight. This will produce ten- 


sions in the upper and lower 
parts, which will be called 7; 
and 7,, respectively. 

Suppose the two pulleys 
to be stationary and that the 
belt is put on with a certain 
tension; then, 7, will be equal to 7,. If, now, the pulley d 
is turned in the direction of the arrow, it tends to stretch the 
lower part of the belt, increasing its tension still more, while 
the tension of the upper part is diminished. This goes on 
until the difference of the tensions is sufficient to start pulley f 

The difference (7,— 7.) between the tensions in the tight 
and loose sides of the belt is the force that does the work in 
transmitting power, and is called the effective pull. 

If S denotes the speed of a point on the belt, in feet per 
minute, which is practically the same as the speed of a point 
on the pulley circumference, the work done per minute is the 
product of the force (7,— 7,) and the distance S through 
which the point on the belt moves. Hence the work per 
minute = (7,— 7,) S foot-pounds. Now, 1 horsepower is 
the performance of 33,000 foot-pounds per minute; hence, 
if H is the horsepower transmitted, 


oe uk a) S 
33,000 


H= 
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EXAMPLE 1.—A pulley 4 feet in diameter is driven at 100 revolutions 
per minute, and transmits power to another pulley by means of a belt 
without slip; if the tension on the driving side of the belt is 400 
pounds and on the slack side’ is 100 pounds, what is the horsepower 
transmitted? ‘ 

SoLutTion.— S = 4 X 3.1416 X 100 = 1,256.6 ft. per min. From 
(400 — 100) X 1,256.6 

33,000 = 11.42 H. P. Ans. 

EXAMPLE 2,—The diameter of the driving pulley is 36 inches; it 
makes 150 revolutions per minute and carries a belt transmitting 
6 horsepower. What is the effective pull of the belt? 


150 X 36 XK 3.1416 


the formula, H = 


SOLUTION.—Speed of belt, in feet per minute, is 


12 
s _ 33,000 H 33,000 x 6 
le atoni rome the: formula, — 2. S ees 


= 140 lb., nearly. Ans. 


17. The Width of the Belt.—A belt should be wide 
enough to bear safely and for a reasonable length of time 
the greatest tension that will be put on it; this will be the 
tension 7, of the driving side of the belt. As belts are usually 
laced, or fastened with metallic fasteners, both of which 
require holes to be punched in the ends, it is customary to 
use the breaking strength through the lace holes, divided by 
a suitable factor of safety, as the greatest allowable tension. 
The average breaking strength for single leather belts, through 
the lace holes, is 200 pounds per inch of width. This divided 
by 8, which is a suitable factor of safety for belting, gives 
663 pounds. Thus, in the last example, the tension of the 
driving side of the belt was assumed to be 400 pounds. 
Hence, using 663 pounds as the safe working stress per inch 

. 400 
of width, a belt 662 

The tension 7,, for any particular case, depends on three 
things—viz., the effective pull of the belt, the coefficient of 
friction between the belt and pulley, and the arc of contact 
of the belt on the smaller pulley. As the equations involving 
these quantities are somewhat complicated, Table I has been 
calculated. It will afford a convenient. means for finding not 
only the width of belt for a given horsepower, but the horse- 
power for a given width as well. In the first column, the arc 


= 6 inches wide would be required. 


< 


{ie 
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covered by the belt is stated in degrees, and in the second 
column in fractional and decimal parts of the circumference 
covered. The third column gives the greatest allowable 
values of (7, — 7,), or the effective pull, per inch of width, 
for single leather belts. These values were computed by 
assuming a value for 7, of 66% pounds, and a coefficient of 
friction of .27. This latter has been found, by experiment, 
to be a fair value to use for leather belts running over cast- 
iron pulleys, under conditions met with in practice. 

The arc of contact on the smaller pulley of a pair may be 
very readily found. Let A and »~ represent the radii of the 
TABLE I 
EFFECTIVE PULL OF BELTS 


Arc Covered by Belt Allowable Value of 
Effective Pull, or 
: (7, — 73) per 
Degrees Hracyon OF Inch of Width 


Circumference 


90 += .25 23.0 
112$ ve = .312 27.4 
120 3 = .333 28.8 
135 3 = .375 31.3 
150 va = .417 33.8 
1572 Te = 437 34.9 
180 or over 3 = .50 | 38.1 


large and small pulleys, respectively, and let 2 represent the 
distance between centers. Then, if the number of degrees 
in the arc of contact is denoted by a, cos % = aa By 


substituting the known values of #,7, and hk, the cosine of 


half the angle a is found, and the angle : can easily be deter- 


mined by referring to a table of cosines. This, multiplied 
by 2, will give the are of contact, in degrees. 


18. To use the table in finding the width of a single 
leather belt required for transmitting a given horsepower, 
the following rule may be applied: 
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Rule.—Compute the ettective pull of the belt. Divide the 
result by the suttable effective pull per inch of width, as given 
in the third column of Table I, the quotient will be the width 
ot belt required, in inches. 


EXAMPLE.—What width of single belt is needed to transmit 20 
horsepower with contact on the small pulley of $ of the circumference 
and a speed of 1,500 feet per minute? 


SoLuTion.—The effective pull is, from the formula in Art. 16, 
__ 33,000 X 20 


LL y= 1.500. = 4401b. From Table I, the allowable pull per 
inch of width is 31.3 1b. Hence the width required is A = 14 in. 


Ans. 


19. Horsepower Transmitted by a Belt.—The proc- 
ess of finding the horsepower that a single belt will transmit 
must evidently be just the reverse of the preceding. It is, 
therefore, as follows: 


Rule.—WMultiply together a suttable value for the eftective 
pull, taken trom Table I, the width of the belt, in inches, and 
the speed, in teet per minute. The result divided by 33,000 gives 
the horsepower that the belt will transmit. 

EXAMPLE.—What horsepower wiil a l-inch belt transmit with a 
speed of 900 feet per minute and an arc of contact of 180°? 


SOLMULON——1 2 4— er ,, trom Table Tj7=338. las 383) xk 1 x<900 
= 34,290, which, divided by 33,000, gives 1.04 H. P., nearly. Ans. 


20. General Rule for Belting.—From the last exam- 
ple, it appears that a single belt traveling 900 feet per minute 
will transmit 1 horsepower per inch of width when the arc of 
contact on the smaller pulley does not vary much from 180°. 
This rule may be expressed algebraically as follows: 

Let H = horsepower to be transmitted; 


W = width of belt, in inches; 
S = belt speed, in feet per minute. 
WS 
= = 1 
Then, a0 (1) 
= 00H (2) 
S: 
oe 900 (3) 
W 
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Example 1.—Two pulleys, 48 inches in diameter, are to be con- 
nected by a single belt, and make 200 revolutions per minute; if 40 
horsepower is to be transmitted, what must be the width of belt? 


. 200 * 48 & 3.1416 : 
SoLuTIon.—The belt speed is — xs 1 = 2,013 ft. per min- 


: _ 900 x 40 — ; 
ute, about. Applying formula 2, W = 2613 ~ 14.3 in. Ans. 


A 14-in. belt might safely be used, since the rule gives a liberal 
width when the pulleys are of equal size. 


EXAMPLE 2.—What size pulleys should be used for a 4-inch belt 
that is to connect two shafts running at 400 revolutions per minute 
and transmit 14 horsepower? Both pulleys are to be of the same size. 
900 x 14 

ca 
Since this speed equals the circumference of the required pulley in 
3,150 X 12 

400 


SoLution.—By formula 3, S = = 93,150 ft. per minute: 


feet < 400, the circumference of pulley is = 94.5 in.; 


the diameter is = ON eibely Jevaky 


94.5 
3.1416 

21. Double Belts.—Double belts are made of two 
thicknesses of leather cemented together throughout their 
whole length; they are used where much power is to be 
transmitted. In Europe it is common practice to rivet as 
well as cement double belts. As the formulas for single 
belts are based on the strength through rivet or lace 
holes, when these are used, a double belt, if twice as thick, 
should be able to transmit twice as much power as a single 
belt; and, in fact, more than this, where, as is quite common, 
the ends of the belt are glued together instead of being 
laced. Double belts, however, are not usually twice as 
thick as single belts. 

Where double belts are used on small pulleys, the con- 
tact with the pulley face is less perfect than it would be if 
a single belt were used, owing to the greater rigidity of 
the double belts. More work, also, is required to bend 
the belt ‘as it runs over the pulley than in the case of the 
thinner and more pliable belt, and the centrifugal force tend- 
ing to throw the belt from the pulley also increases with the 
thickness. Moreover, in practice, it is seldom that a double 
belt is put on with twice the tension of a single belt. For 
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these reasons, the width of a double belt required to transmit 
a given horsepower is generally assumed to be about seven- 
tenths the width of a single belt to transmit the same power. 
On this basis, formulas 1, 2, and 3 of Art. 20 become, for 
double belts 


Bucs 
= “630 (1) 
630 H 
w — 2A 
(a) 
= 80) -.¢g) 
Ww 


EXAMPLES FOR PRACTICE 


1. If the effective pull on a belt per inch of width is 50 pounds, 
and the belt passes over a pulley 36 inches in diameter, which makes 
160 revolutions per minute, how wide should the belt be to transmit 
12 horsepower? Ans, 5% in. 

2. What width of single belt should be used to transmit 5 horse- 
power, when the belt speed is 2,000 feet- per minute, and the arc of 
contact on the smaller pulley is 90°? Ans. 33 +in. 

3. Using the general rule, find the horsepower that a 16-inch single 
belt will transmit, the belt speed being 1,000 feet per minute. 

Pawo Miike lel 12) 

4. Using Table I, how much power could the above belt be 
depended on to transmit if the arc of contact on the smaller pulley is 
3 of the circumference? Ans. 14 EH Psy nearly, 

5. Required the diameters of pulleys necessary to enable a 10-inch 
belt to transmit 9 horsepower at 125 revolutions per minute, both 
pulleys being of the same size. Ans. 2 ft., nearly 


6. How much power would the belt in example 3 transmit if the 
belt were double? Ans. 20.4 H. P., nearly 


CARE AND USE OF BELTING 


22. The belts most commonly used are made of leather, 
single and double, but canvas belts covered with rubber 
are sometimes used, especially in damp places, where the 
moisture would ruin the leather. 

Leather belts are generally run with the hair or grain side 
next to the pulley. This side is harder and more liable te 
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crack than the flesh side. By running it on the inside the 
tendency is to cramp or compress it as it passes over the pul- 
ley, while if it ran on the outside, the tendency would be 
for it to stretch and crack. Moreover, as the flesh side is 
the stronger side, the life of the belt wili be longer if the 
wear comes on the weaker or grain side. 

The lower side of a belt should be the driving side, the 
slack side running from the top of the driving pulley. The 
sag of the belt will then tend to increase the arc of con- 
tact, as illustrated by the full lines in Fig. 11. Long belts, 
running in any direction other than the vertical, work better 
than short ones, as their weight holds them more firmly to 
the pulleys. 

It is bad practice to use rosin to prevent slipping. It 
gums the belt, causes it to crack, and prevents slipping for 
only a short time. If a belt properly cared for persists in 
slipping, a wider belt or larger pulleys should be used, the 
latter to increase the belt speed. Belts, to be kept soft and 
pliable, should be oiled with castor or neat’s-foot oil, or other 
suitable belt dressing. Mineral oils are not good for this 
purpose. 

Tightening or guide pulleys, whenever used to increase 
the length of contact between the belt and pulley or to tighten 
a belt, should be placed on the slack side, if possible. Thus 
placed, the extra friction of the guide pulley bearings and 
the wear and tear of the belt that would result from the 
greater tension of the driving side are avoided. 


23. Guiding Belts.—When a belt is to be shifted from 
one pulley to another, or must be guided to prevent running 
off the pulley, the fork or other device used for guiding 
should be close to the driven pulley, and so placed as to 
guide the advancing side of the belt. 

This principle is sometimes made use of where pulleys 
have flanges to keep the belt from running off the pulleys. 
Where constructed with straight flanges, as in Fig. 12, if the 
belt has any inclination to run on one side, its tendency 
is to crowd up against the flange as shown at a,a. When 


§14 PULLEYS AND BELTING 25 


constructed as in Fig. 13, however, with the flanges grooved 
as atc,c, the advancing side of the belt will be guided at 4, 


Fic. 12 Fie. 13 
of the flange, and during the rest of the way will not touch 
the flange at all. 

In Fig. 14 is shown the arrangement of a belt shifter; ¢ is 
the driving pulley, and ¢ and / are tight and loose pulleys on 
the driven shaft cd; 6 is the shifter, and can be moved par- 
allel tocd. The acting 
surface, or face, of g is 
made straight to allow 
the belt to shift readily, 
and the faces of ¢ and / 
are crowned—that is, 
the diameters of the 
pulleys are increased 
slightly toward the 
centers of the pulley 
faces—so that the belt 
will not tend to run off. 


24. The Climbing 
of Belts.—In Fig. 15, 
suppose the shafts a,a _— 
to be parallel, and the Fic. 14 Fic. 15 
pulley d to be cone-shaped. The right-hand side of the belt 
will be pulled ahead more rapidly than the left-hand side, 
because of the greater diameter and consequent greater 

ce 


26 PULLEYS AND BELTING §14 


speed of that part of the pulley. The belt will, therefore, 
leave its normal line at c, and climb to the high side of the 
pulley. This tendency is taken advantage of by crowning 
pulleys in the middle. Each side of the belt then tends to 
move toward the middle of the pulley; that is, the tendency 
is for the belt to stay on the pulley. 


25. Belt Fastenings.—There are many good methods 
of fastening the ends of belts together, but lacing is generally 
used, as it is flexible like the belt itself, and runs noiselessly 

over the pulleys. The ends to 
be laced should be cut squarely 
across, and the holes in each 
end for the lacings should be 
exactly opposite each other 
when the ends are brought 
b together. Very narrow belts, 
or belts having only a small 
amount of power to transmit, 
usually have only one row of holes punched in each end, as 
in Fig. 16; a is the outside of the belt, and 4 the side running 
next to the pulley. The lace is drawn half way through one 
of the middle holes, from the 
under side, as at 1; the upper 
end is then passed through 2, 
under the belt, and up through 
3, back again through 2 and 3, 
through 4 and up through 34, 
where an incision is made in 
one side of the lace, forming 
a barb that will prevent the 
end from pulling through. The Fic. 17 
other side of the belt is laced with the other end, first passing 
it up through 4. Unless the belt is very narrow, the lacing 
of both sides should be carried on at once. 

Fig. 17 shows a method of lacing where double lace holes 
are used, 4 being the side to run next to the pulley. The lacing 
for the left side is begun at 1, and continues through 


Fic. 16 


§14 PULLEYS AND BELTING 27 


2,3,4,5,6,7,4,5, etc. A 6-inch belt should have seven 
holes, four in the row nearest the end, and a 10-inch belt 
should have nine holes. ‘The edge of the holes should be at 
least $ inch from the sides, and the holes should not be 
nearer than ¢ inch to the ends of the belt. The second row 
should be at least 1% inches from the end. 

Another method is to begin the lacing at one side instead 
of in the middle; this method will give the rows of lacing on 
the under side of the belt the same thickness all the way 
across. 

It is also quite common to cement the ends of a belt instead 
of lacing them together. To do this, the ends to be cemented 
are shaved off, with a uniform taper, for a distance about 
equal to the width of the belt, then coated with cement and 
laid together, and subjected to pressure until the joint is dry. 


BELT CONNECTIONS FOR NON-PARALLEL SHAFTS 


26. It very frequently happens that one shaft must drive 
another at an angle with it. Sometimes this involves the 
use of guide pulleys, and occasionally guide pulleys must be 
used to connect parallel shafts, where the shafts are near 
together, or there is some obstruction in the way. In all 
such cases the point at which the center of the belt ts delivered 
from each pulley must lie in the middle plane of the other pulley. 

The middle plane of a pulley is the plane through the cen- 
ter of the pulley, perpendicular to its axis. Unless the shaft- 
ing is to turn backwards at times, it is immaterial in what 
direction a belt /eaves a pulley; but it must always be delzvered 
into the plane of the pulley toward which it is running. If it 
is necessary for a belt to run backwards as well as forwards, 
it must also /eave in the plane of the pulley. This principle 
applies to the guide pulleys as well as to the main pulleys. 


27. Shafts at Right Angles.—The common method of 
connecting shafts at right angles is by means of a quarter- 
turn belt, as shown in Fig. 18. Here, the pulley d is the 
driver, rotating in the direction shown, and the pulley f is 
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the follower. The point at which the belt is delivered from 
the pulley d lies in the middle plane of the pulley /, that is, 
in the line BB; also, the point at which the belt is deliv- 
ered from the pulley / lies in the middle plane of the pulley d, 
or in the line 4 4. Thus arranged, the belt will run from d 
to f without running off either pulley. The reason for this 
will be made clearer by referring to Fig. 19, in which the 
belt is represented by 4 2 and CV, and is traveling in the 


Fic. 18 Fic. 19 


direction of the arrows. The two shafts being parallel, and 
the pulleys lying in the same plane, the belt runs from 
A to & and from C to D with no tendency to run off. Leta 
line A C be drawn tangent to the pulleys at the middle points 
of their faces, where the belt leaves the pulleys: This line may 
then be considered as an axis around which the pulley BC 
may swing without, affecting the action of the belt. For, 
suppose the pulley BC to be swung on the axis 4 C through 
a right angle, that is, into the position of pulley / Fiov 18; 
Then, since the point 4 will still lie in the middle plane of 
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& CG, and the point C will still lie in the middle plane of 4D, 
the action of the belt will remain unchanged; that is, the 
center of the belt at the point where it leaves either pulley 
will lie in the middle plane of the other pulley, and there will 
be no tendency to run off. If the pulley BC be turned 
through any other angle about A C, the required condition 
will be fulfilled and the belt will run properly. 

With the arrangement shown in Fig. 18, however, the 
pulleys cannot run backwards, because J, the point of deliv- 
ery of f, is not in the middle plane 4 A, and C is not in the 
middle plane & &. 

The following simple method of locating the pulleys for a 
guarter-turn belt may be used in practice: Locate the 
pulley d and the machine so that the pulleys d and f will be 
as near the correct position as can be judged by the eye. 
Using a plumb-bob, drop a plumb-line from the center of the 
right-hand side of the pulley d, and move the machine until 
the center of the dack side of the pulley f touches the plumb- 
line. Incase it should not 
be convenient to move the 
machine, shift the pulleys 
instead. If it be desired to 
run the belt in the direc- 
tion opposite to that indi- 
cated by the arrow in 
Fig. 18, shift the machine 
carrying f to the left until 
the center of the front side 
of the pulley f touches a 
plumb-line dropped from 
the center of the left-hand 
side of the pulley a; that is, 
from the point C. 


28. There is this objec- Fic. 20 
tion to a quarter-turn belt: when the angle at which the belt 
is drawn off the pulleys is large, the belt is strained, especi- 
ally at the edges, and it does not hug the pulleys well. 
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Small pulleys placed quite a distance apart, with narrow 
belts, give the best results, from which it follows that 
quarter-turn belts, like the foregoing, are not well suited 
to transmit much power. Fig. 20 shows how the arrange- 
ment can be improved by placing a guide pulley against 
the loose side of the belt. The driver d rotates counter- 
clockwise, thus making A # the driving or tight side of the 
belt. To determine the position of the guide pulley, select 
some point in the line 4 B, as D; draw lines CD and 4D; 
the middle plane of the guide pulley should then pass through 
the two lines. Looked at from a direction at right angles to 
pulley /, line CD coincides with 4 &; looking at right angles 
to pulley ad, line ED coincides with 4 B. 


29. A third method of connecting two shafts at right 
angles is shown in Fig.21. In general, it is to be preferred 
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to the quarter-turn belt. The pulley d is the driver. The 
belt passes around the loose pulley / and back around a loose 
pulley a’ on the driving shaft behindd. It then goes around /, 
which is fast on the shaft aa, and finally back again and 
around d. Since the loose pulleys turn in a direction oppo- 
site that of their shafts, their hubs should be long. The 
two pulleys on each shaft must be of the same size. It is 
evident that either f or d can be the driver and can run in 
either direction. 

It is to be observed that while a quarter-turn belt can be 
used with the shafts at an angle other than a right angle, the 
last arrangement cannot. 
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In Fig. 22 is shown a method of connecting the shafts 
when it is not possible to put the follower f directly under the 
driver d. ‘The guide pulleys g,2’ must beso placed that the 
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belt will lead correctly from the point 4 into the middle plane 
of the guide pulley ¢’, from ZB into the middle plane of d, and so 
onaround. By twisting the belt at c, the same side will come 
in contact with all the pulleys; this is a desirable arrangement. 
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In the arrangement shown in Fig. 23, the shafts a and 6 
would intersect, if long enough. Examples occur where 
shafts running on two sides of a room are to be connected. 
Guide pulleys g,¢’, like those in the figure, termed mule 
pulleys, are used. As their planes are horizontal, means 
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must be provided to prevent the belt from running off at 
the bottom. Sometimes this is done by simply crowning 
the pulleys, and sometimes by putting flanges on the lower 
sides. 


80. Other Examples of Belt Transmission.—Guide 
pulleys are sometimes used to lengthen the belt between two 
shafts that are too close together to be connected directly, 


Fic. 25 
or it may be that it is not possible to get two pulleys in the 
same plane. Fig. 24 shows an arrangement of this kind. 
The diameter of each guide pulley should be equal to the 
distance between the planes of d and f. With the guide 
pulleys arranged as shown, the belt will run in either direc- 
tion. It is more convenient, however, to place the guide 
pulleys on one shaft. In that case, their axes will be on the 
line OO; g’ will be in the line CX, and gin the line 4 2. 
Then the belt will be delivered from d into the middle plane 
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of g’; and from g’ into the middle plane of ¢. The belt will 
run in only one direction, however. 

A device for connecting two horizontal shafts making an 
angle with each other is given in Fig. 25. It can be used 
where a quarter-turn belt will not work successfully. The 
guide pulleys turn in the same direction, which is a con- 
venience, because they can then be mounted on one shaft, 
turning in bearings at the ends, and the belt will run in 
either direction, 
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MATERIALS OF CONSTRUCTION 
IRON AND STEEL 


INTRODUCTION 


1. Properties of Iron.—A knowledge of the physical 
properties of the different materials used in machine con- 
struction is exceedingly important to the designer and builder 
of machinery, since it enables him to select the materials 
best suited for the various parts of machines. 

The materials most largely used in machine construction 
are zvon and steel. Iron may be of two kinds—cast zron and 
wrought tron. Cast iron can be melted and poured into 
molds, after which it again solidifies. This process is known 
as casting. Wrought iron can be heated until it becomes 
plastic, when it may be worked into various shapes, either 
under a hammer or in a press. 

Steel is simply a special form of iron, and may be divided 
into three classes, known as machinery steel, tool steel, and 
steel castings. Machinery steel is the ordinary steel used for 
machine parts, such as shafts; tool steel is less easily worked, 
but is capable of being hardened and tempered, and is largely 
used for tools; while the steel used for making castings differs 
from the other two varieties in that it can be cast in molds. 

In order to become familiar with the physical properties 
of iron and steel, it is desirable to know something of their 
‘metallurgy; that is, of the process employed in their manu- 
facture. The methods of producing iron and steel have 
marked effects on their qualities, while the presence of small 
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quantities of other elements, sometimes as impurities, may 
have still greater effects. One element that has a very 
important bearing on the properties of iron and steel is 
sarbon. Other substances affecting them in a greater or less 
degree are sulphur, phosphorus, tungsten, nickel, chromium, 
and manganese. Small percentages of some of these ele- 
ments will frequently produce marked changes in the char- 
acteristics of the finished product. These characteristics will 
be taken up later. 


IRON 


PRODUCTION OF IRON 

2. Ores of Iron.—lIron exists in nature as ore, which is 
a combination of iron and other elements in the form of rock 
or earth. Frequently, the iron is not distinguishable except 
by chemical analysis. The only ores from which iron is 
manufactured in large quantities are those containing the 
oxides and carbonates of iron, the oxides being the richer in 
iron. The ore known as magnetite, Fe,O,, contains about 
72 per cent. of iron; that known as ved hematite, Fe,O., con- 
tains about 70 per cent. of iron; while another ore, drown 
hematite, 2Fe,O;, 3H,O, contains about 60 per cent. of iron. 
These constitute the valuable oxide ores. The carbonate 
ore, ferrous carbonate, FeCO,;, contains about 48 per cent. 
of iron. 

Magnetite is black and brittle, and is attracted by a magnet, 
from which characteristic it derives its name. Red hematite 
varies in color from a deep red to a steel gray, but ali 
varieties make a red streak when drawn across unglazed 
porcelain. On account of its abundance and the character of 
the iron it yields, red hematite is the most important of the 
ores of iron. Brown hematite varies in color from a brownish 
black to a yellowish brown. The catbonate varies in color 
from yellow to brown, but the light-colored ore rapidly 
becomes brown when exposed to the air. This ore is 
reduced to /e,O, by roasting and exposure to the air, which 
drives off the carbon dioxide and water, us well as much of 
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the sulphur and arsenic, when these are present. The car- 
bonate is thus changed to an oxide having the same com- 
position as red hematite. 


3. Separation of Iron From Its Ores.—lIron in the 
metallic form is extracted from the ores by the action of 
heat. The ores are first heated at a comparatively low 
temperature, so as to drive off all moisture and volatile 
matter that may be present. Then they are heated to a 
comparatively high temperature, in the presence of carbon, 
C, or carbon monoxide, CO. At this higher temperature, 
the oxygen of the ore combines with the carbon or carbon 
monoxide to form carbon dioxide, CO,, thus leaving the iron 
chemically free. This process is known as the reduction 
process, since the ores are reduced, or deprived of their 
oxygen and other non-metallic substances, leaving the metal 
itself quite free. 

The fuels used to produce the high temperatures in the 
reduction process are wood, soft coal, hard coal, coke, and 
gas. The heating is done in a furnace lined with some 
refractory material, such as firebrick, which is not easily 
affected by great heat. The ores charged into the furnace 
usually contain silica, alumina, or some other substance that 
is difficult to remove, except by chemical combination with 
another substance put in especially for that purpose and 
known as a flux. The flux unites with the impurities in the 
ore and becomes fluid, when it is known as slag. The 
slag is lighter than the molten iron, and consequently floats 
on the surface of the iron, from which it may be removed 
either by tapping off the iron from below and leaving the 
slag to be drawn later, or by drawing off the slag through a 
tap hole at the surface of the molten iron, without disturbing 
the iron. © 


4, The Blast Furnace.—All iron used for manufactur- 
ing purposes is obtained by reducing the ores of iron ina 
special furnace called a blast furnace. Fig. 1 shows the 
common form of blast furnace used in this work. The fur- 
nace itself is shown at a. At 6 and ¢ are stoves, or devices 
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for heating the air before it enters the furnace. The furnace 
consists of a slightly tapering shell, built up of iron plates 
and lined with firebrick. The lower end of this shell is 
cone-shaped, with the small end of the cone pointing down- 
wards. When the furnace is in operation, this is the region 
of highest temperatures where most of the melting takes 
place. 

The ore, fuel, and flux are charged into the furnace at the 
top, through an opening that is closed by the bell d to pre- 
vent the escape of gases. In ordinary operation, the fur- 
nace is kept filled with the charge to about the level shown in 
the figure. The lowest temperatures exist near the top of 
the furnace, the mass growing gradually hotter as it descends. 
As fast as the metal at the bottom melts, the charge above 
settles, being regularly replenished by charging at the top. 
Thus there is a continual downward movement of the charge. 

The low temperatures existing at the top cf the furnace, 
where the fresh ore lies, are sufficient to dry the ore and 
drive off volatile substances. Sometimes, however, the ore 
is roasted in a separate furnace before being charged into 
the blast furnace. This roasting not only serves to drive 
off volatile matter and moisture, but also oxidizes much of 
the impurities contained in the ore, since the process is car- 
ried on in the presence of a plentiful supply of air. 

As the charge in the blast furnace descends into the zone 
of greater temperatures, the reduction process takes place, 
and the molten iron collects at the bottom. The slag, which 
contains much of the impurities and undesirable substances 
carried in the ore, collects just above the mass of molten 
iron, since it is of less specific gravity than iron. This is 
especially advantageous since it protects the iron from the 
oxidizing effect of the hot blast entering through the tuyéres 
at g. The slag is drawn off at intervals through the cinder 
notch 2, which is slightly below the level of the tuyéres. 

The air blast, by means of which the combustion is 
hastened and the higher temperatures obtained, is furnished 
by blowing engines. It enters near the base of the furnace, 
through the tuyéres, at a pressure of from 5 to 15 pounds 
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per squareinch. As the blast passes up through the charge, 
the oxygen of the heated air combines with the carbon of 
the fuel, forming carbon monoxide, CO, since the amount 
of oxygen present is insufficient to form carbon dioxide, CO,. 
As carbon monoxide is quite combustible, it is conveyed by 
the pipe / from the top of the furnace to one of the reheating 
stoves, as J, instead of being allowed to escape at once into 
the atmosphere. 


5. The stove is an iron shell lined with firebrick and con- 
taining a combustion chamber 7 and checkerwork /. 
This checkerwork is simply acolumn of firebrick, so arranged 
as to form large spaces between the bricks. The carbon 
monoxide from the blast furnace is led into the combustion 
chamber and additional air is there supplied to cause the CO 
to burn to CO,. The hot gases resulting from this combus- 
tion pass upwards, and then downwards through the checker- 
work, thus heating it, after which they pass out through the 
opening z to the stack. 

As soon as the checkerwork in 6 is heated, valves in the 
pipes are turned so that the gases from the top of the furnace 
are led to the other stove, c. At the same time, the cold-air 
blast from the blowing engines is allowed to enter at 7, pass 
through the checkerwork , become heated by contact, and 
thence pass out through 7 and the pipe & to the furnace 
tuyéres. As soon as the checkerwork becomes compara- 
tively cool, the valves are again changed, and the cold air is 
driven through the stove c, which by this time has become 
thoroughly heated, and the stove 4 is again heated up. By 
this arrangement, a hot-air blast is supplied to the furnace, 
thus saving much heat that would otherwise be wasted, and 
at the same time insuring better operation. There should 
be at least three stoves for each furnace, so that, in case 
one stove should need repairs, two others would be avail- 
able, enabling the furnace to run without interruption. In 
some cases, four, or even five, stoves are used. By fre- 
quently changing the air blast from one stove to another, a 
fairly constant blast temperature may be maintained. 
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6. Pig Iron.—After the blast furnace has been started 
it is continuous in its operation, the molten iron being drawn 
off at regular intervals through a tap hole in the bottom of 
the furnace. In the’sand floor that surrounds the base of the 
furnace and sloping downwards and away from it, a long 
trench is dug, leading away from the tap hole from which the 
molten iron is drawn. From this trench, branch trenches are 
dug at intervals, and these branches lead to numerous smaller 
trenches or molds about 8 feet long and from 8 to 4 inches 
wide and deep. When sufficient molten iron has collected in 
the bottom of the furnace, the blast is shut off, the tap hole 
is opened, and the iron runs out, filling the trenches and 
molds. The tap hole is then plugged, and the blast again 
turned on. The molten iron, on cooling, is known as 
pig iron. 

Pig iron contains from 38 to 10 per cent. of impurities, of 
which the larger part is carbon, although silicon, sulphur, 
manganese, phosphorus, and other elements may be present. 
Pig iron is usually classified according to its condition, the 
impurities it contains, and the purposes for which it is to be 
used. It is especially valuable because it melts and becomes 
quite fluid at a temperature of about 2,200° F., which is 
readily attainable in the foundry cupola. This property of 
pig iron, combined with its relative cheapness and its exten- 
sive use in the manufacture of wrought iron and steel, 
makes it the most useful form of iron. 


CAST IRON 


7. The Cupola.—In making iron castings, pig iron is 
melted in a special form of melting furnace called a cupola, 
and is then poured into molds of sand. After it has solidi- 
fied, itis known as east iron. The pig iron used in foun- 
dry work and melted in the cupola is known as foundry fig. 

A form of cupola largely used in foundry work is shown in 
Fig. 2. The outer: shell a is made of iron plates firmly 
riveted together and lined with firebrick. The base 6 is 
made of cast iron, and contains a pair of doors, which are 
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kept in a closed position by an iron bar or strut. At the end 
of a run or cast, the strut is knocked out, and the doors, 
opening downwards, allow all the slag and iron remaining in 
the cupola to drop out. 

The cupola is supported on columns c,¢ and has a total 
height, from the sand bottom d to the charging door e, of 
from 3 to 34 times the inside diameter, the latter varying 
from 22 to 100 inches. At /,f are shown the tuyéres, which 
conduct the air blast from the wind belt ¢ to the interior of 
the cupola. The molten iron is drawn off into ladles through 
the tap hole 4, and is then carried to the molds, while the 
slag is removed through the tap hole 7. 

In preparing to operate the cupola, the bottom of the fur- 
nace is first covered with sand, which.is rammed down hard. 
A good fire of soft light wood is then built on the sand bot- 
tom and coke is thrown in. As soon as the coke has begun 
to burn well, alternate charges of coke and pig iron are put 
in through the charging doore. The iron is usually broken 
up before being charged. As the iron in the lower end of 
the cupola melts, the mass slowly settles, and fresh charges 
of coke and iron are added at the top. The air blast is fur- 
nished by a fan or a blower. 


8. Characteristics of Cast Iron.—Cast iron is a metal 
of crystalline formation, very strong in compression and 
comparatively weak in tension. There are several grades 
of cast iron, differing chiefly in the amount of carbon con- 
tained, although distinctive properties are given to the iron 
by other elements, such as silicon, sulphur, phosphorus, and 
manganese. 


9. Carbon in Cast Iron.—Cast iron usually contains 
from 2 to 4% per cent. of carbon, but when there is a large 
percentage of manganese present there may be 6 per cent. 
or more of carbon. The quality of cast iron depends largely 
on the condition of the carbon present in the iron. Carbon 
exists in cast iron in two forms, namely, combined carbon and 
graphitic carbon. In iron containing combined carbon, the 
appearance of the fracture, when a piece is broken, is silvery 
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white; while, if an iron containing graphitic carbon is broken, 
it shows a dark-gray fracture. 

The melting point of gray iron is about 2,200° F.; and of 
white iron, about 2,000° F. The average value of the tensile 
strength of cast iron is about 20,000 pounds per square inch, 
and of the compressive strength about 90,000 pounds per 
square inch. The gray iron, which contains graphitic car- 
bon, is weaker than the white iron, which contains combined 
carbon, in both tension and compression. But since the 
white iron is very hard and brittle, it is difficult to work, 
and consequently the softer gray iron is most generally used. 
A cubic foot of dark-gray iron weighs about 425 pounds, and 
a cubic foot of white iron about 475 pounds. The appear- 
ance of the fracture of the different grades of cast iron 
varies from a coarse semicrystalline gray to a fine close- 
grained white. 


10. Silicon, Sulphur, Phosphorus, and Manganese 
in Cast Iron.—Silicon in small proportions tends to increase 
the strength and hardness of cast iron, and aids in prevent- 
ing the formation of blowholes in castings. Sulphur tends 
to make the iron hard and brittle, and a high percentage 
causes blowholes. On the other hand, this element makes 
the iron more fusible. Phosphorus also makes the iron more 
fusible, tends to prevent blowholes, and is supposed to pre- 
vent shrinkage in cooling, so that the iron fills the mold more 
perfectly. On the other hand, it makes the iron brittle and 
liable to break under suddenly applied loads. Manganese 
has the property of increasing the amount of combined carbon 
in cast iron and so gives a harder iron, rendering it less plastic 
and more brittle. It also increases the shrinkage. However, 
it unites readily with sulphur, and thus tends to remove the 
latter from iron. 


11. Change of Volume of Cast Iron.—It is well known 
that cast iron shrinks while cooling in the molds. The amount 
of shrinkage or contraction depends on the size and shape of 
the casting, the composition of the iron, and the rate of 
cooling. Light bars contract more than heavy ones, and 
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slow cooling causes less contraction than rapid cooling, while 
a white hard iron shrinks more than a gray soft one. The 
usual allowance on a pattern for the shrinkage of an iron 
casting is ¥ inch per foot, but this does not apply in all cases. 
In fact, it is customary for the patternmaker to allow for 
shrinkage according to the methods used in the foundry and 
the condition of the iron used. The shrinkage usually varies 
from 7« inch to ys inch per foot. The fact that castings of 
different thicknesses do not shrink at the same rate makes it 
necessary to use care when a casting of varying thickness is 
made. 

It has been found that the volume of a piece of cast iron 
can be increased by alternately heating it to redness and 
allowing it to cool slowly. In some cases, the volume has 
been increased as much as 40 per cent. The strength, how- 
ever, is reduced by this process. 


12. Chilled Castings.—In many cases, when a casting 
is to be subjected to wear, it is desirable to have the surface 
quite hard. This is accomplished by pouring the molten 
iron into molds that have their faces lined with thick metal 
plates. As soon as the molten iron touches these metallic 
surfaces, it is chilled, the heat being conducted away quite 
rapidly. Sometimes the iron parts of the mold are water- 
jacketed, water being circulated through them to increase 
the chilling effect. 

The result of this rapid chilling of the casting is to form 
a hard, close-grained surface that is admirably adapted to 
resist wear. Castings made in this way are called chilled 
castings, and the iron faces of the mold, by which the 
sudden cooling is effected, are called chills. The term 
chill is applied also to the hardened portion of the casting, 
the depth of the chill meaning the depth to which the hard- 
ened part extends. 

The depth of the chill depends on the composition of the 
iron and the effectiveness of the chills used in the mold. 
Silicon, manganese, and sulphur have considerable influence 
on the depth of the chill. A casting made of iron poured 
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while quite hot will chill deeper than one poured from cooler 
iron, and a heavy casting will chill to a less depth than a 
light one, the thickness of the chills in the mold being the 
same in each case. The fracture of the chilled portion of a 
casting is white, since the greater part of the carbon is in 
the combined form. 


138. Malleable Castings.—The ordinary iron casting 
cannot be bent to any extent without breaking, as it is 
quite brittle. In order to render cast iron tough and pli- 
able, it may be annealed, after which process it is known 
as a malleable casting. A malleable casting is made of 
a special grade of cast iron chilled in a sand mold and then 
annealed. The annealing process changes the form of the 
carbon contained in the iron, and a portion of it near the 
surface may be removed, thus changing the properties of 
the iron. 

The castings before they are annealed are white, the car- 
bon being in the combined form, and they are very hard and 
brittle. These castings are annealed by being packed in 
cast-iron boxes, surrounded by oxide of iron, and heated to 
a redness for a period of from 4 to 6 days. This process 
can also be performed in sand or fireclay, but the skin of the 
casting will not be decarbonized to the same extent as when 
packed in oxide of iron. 

The elements found in malleable castings are the same as 
those in ordinary cast iron, known as gray iron, but they 
vary in quantity. The composition of good malleable cast- 
ings should be within the following limits: 
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14. In malleable iron there are three forms of carbon; 
namely, combined carbon, graphitic carbon, and temper car- 
bon. The carbon of the white hard casting should be, as far 
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as possible, in the combined form, for, if there is sufficient 
graphitic carbon to make the fracture appear light gray, the 
malleable casting made from it will be weaker than an ordi- 
nary gray casting. ~ 

In the process of annealing, the greater part of the 
combined carbon is changed to an uncombined form known 
as temper carbon, differing somewhat from the gra- 
phitic form. In forming the temper carbon, the casting 
expands an amount equal to about one-half of its original 
contraction in the mold. The malleable casting becomes 
a network of soft steel, formed about the particles of temper 
carbon, with the result that the iron becomes more ductile 
and may be readily bent. The casting really is converted 
into a piece of soft steel having about + per cent. of com- 
bined carbon, the remainder of the combined carbon being 
changed to temper carbon, which is enclosed by the crys- 
tals of the iron. The effect is to make a casting weaker 
than solid steel, but still about twice as strong as ordinary 
cast iron. 


15. A good malleable casting has a velvety-black inte- 
rior, surrounded by a dark-gray band enclosed in a thin 
white band. A malleable casting showing a dull-gray frac- 
ture with a banded structure is generally weak. If the iron 
has received excessive annealing, the fracture will be 
almost entirely white, and will have a black spot at the 
center. If the interior has white spots, resembling flakes, 
radiating from the center, the casting is probably insuff- 
ciently annealed. 

Malleable iron can be bent and worked to some extent 
like wrought iron, but it cannot be welded. It should not 
be used where it is liable to be subjected to high tempera- 
tures, as its strength will be greatly injured. The tensile 
strength of a good piece of malleable iron should be from 
37,000 to 45,000 pounds per square inch, although iron hav- 
ing a tensile strength of only 35,000 pounds may be used. 
The tensile strength of malleable iron may run as high as 
52,000 pounds per square inch, but this usually occurs in a 
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casting that is weak in resisting shocks. <A high tensile 
strength is obtained by adding from 2 to 5 per cent. of steel 
scrap to the mixture from which the casting is made. 


16. Case-Hardening Malleable Castings.—The 
annealing process usually affects the white-iron casting to a 
depth of about 7 inch, although thin castings are rendered 
malleable throughout. As the skin of the casting is prac- 
tically soft steel, it is very low in carbon, but it may be 
enriched in carbon by the case-hardening process. After 
this process, the casting may be hardened and tempered. 
Castings thus treated are used largely in some grades of 
hardware, being much cheaper than when forged from steel. 
The carbonizing may be done either by dipping the casting 
into melted high-carbon steel, or by applying yellow prussi- 
ate of potash to the red-hot casting. Castings whose sur- 
faces already contain sufficient carbon may be hardened by 
being heated and then plunged into water. If hardened 
malleable castings are heated and then cooled slowly, they 
again become soft. 


WROUGHT IRON 


17. Purity of Wrought Iron.—Of all the forms of 
iron obtained from the ores by processes of manufacture, 
wrought iron is the purest. It not only contains very little 
or no carbon, but the best grades are also free from the 
other impurities so common to cast iron and steel. Wrought 
iron can be produced either from the ore directly or by the 
conversion of pig iron in a reverberatory furnace. In the 
latter process, called the pudd/ing process, white pig iron is 
melted and subjected to an oxidizing flame until the carbon 
is burned out or becomes less than .25 per cent. 


18. Puddling Furnace.—The most common type of 
reverberatory, or puddling, furnace is shown in Fig. 3. 
The hearth a is made large enough to hold from 1,000 to 
1,500 pounds of molten metal. A door 6 is built into the 
side wall of the furnace. Through this door the iron is 
charged into the furnace, and through it the workman, or 


$15 MATERIALS OF CONSTRUCTION 15 


puddler, watches the iron and works it as required. The 
fire is built on the grate c, the fuel being supplied through 
the opening d. The air supply enters through the ash-pit e 
and passes up through the bed of fuel on the grate, where 
the combustion is only partial. The gases formed above 
the fire are carried back over the bridge wall, burning as 
they go, so that there is a long flame passing over the iron 
on the hearth into the flue f The heat is reflected down- 
wards by the arched top of the furnace, making the material 
on the hearth extremely hot, the iron being worked at 
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temperatures ranging from 2,500° F. to 3,000° F. Pig iron 
is generally used for the charge; it contains from 3 to 
10 per cent. of impurities, while the wrought iron produced 
contains less than 1 per cent. The loss of iron in the 
process is comparatively small. Scrap iron, machine-shop 
borings and turnings, etc. are used as a charge when they 
are available; and, as they are in a finely divided state, a 
heat may be finished in 20 minutes, while with a charge of 
pig iron it requires from 1% to 2 hours. 


19. Siemens Regenerative Furnace.—Another type 
of furnace used in the manufacture of wrought iron, known 
as the Siemens regenerative furnace, is shown in Fig. 4. 
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The furnace is called regenerative because a portion of the 
heat in the waste gases is returned to the furnace with the 
incoming air and gas. This is accomplished by the arrange- 
ment shown in section in Fig. 4, the furnace illustrated 
being built to use gas as a fuel. The hearth is at a; the 
crown, or roof, at 4; the openings c,c,c are the charging 
doors; d,d’ are air ports; e,e’ are gas ports; f,/ and g,g’ are 
chambers, commonly called regenerative chambers, filled 
with checkerwork, which consists of special checker brick 
about 23 in. X 23 in. x 9 in. in size, laid up loosely in alter- 
nate layers about 1% inches apart; 2,’ are air-inlet flues; 
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and z,z’ are gas-inlet flues. The flues 4,’ and 27,z’ are 
connected with pipes and valves so arranged as to cause the 
incoming air and gas to enter either side of the furnace, as 
desired by the operator, the burned gases escaping at the 
opposite side. When the air and gas enter at d and e, the 
burned gases go out at d’ and e’, and in circulating through 
the checkerwork in the chambers // and g’ heat the brick to 
a high temperature. The direction of the gases through 
the furnace can bé reversed, as in the blast-furnace heating 
stoves shown in Fig. 1. The operation of the furnace in 
other respects is very much like that of the furnace shown 
in Fig. 8, 
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20. Puddling and Rolling.—In either of the furnaces 
illustrated in Figs. 8 and 4, the iron is heated until it melts 
into a thick fluid mass. While in this condition, it is thor- 
oughly stirred and worked by means of a long iron bar, to 
insure all parts of the iron being treated. This working is 
called rabbling. The puddling process, carried on at a 
high temperature with the iron in a fluid state, causes most 
of the impurities to be burned out, or else separated as slag. 
When the process is nearly completed, the iron becomes 
thicker and is known as a mat. The workman divides this 
mat into masses of about 160 pounds each, and with his bar 
rolls them into balls on the hearth of the furnace. A small 
amount of slag will adhere to the balls and be rolled up in 
them. Consequently, as fast as they are formed, these 
balls are removed from the furnace and passed through a 
squeezer, which is a form of press. This forces out most 
of the slag remaining in the ball, and welds the iron into a 
solid mass, after which it is passed through rolls. The roll- 
ing process works out more slag and reduces the iron to the 
form of bars. These bars are then reheated and rerolled to 
improve their quality. 


21. Properties of Wrought Iron.—At a temperature 
of 1,500° F. or 1,600° F., wrought iron softens; and if the 
surfaces of two pieces thus heated are brought together, 
with a flux to remove the oxide formed on the surfaces, the 
separate pieces can be welded or made to unite into one 
piece by hammering or pressing. 

Good wrought iron can easily be forged and welded, but 
only with great difficulty can it be melted and poured into 
molds, like cast iron and steel, since its melting point is 
about 3,000° F. When broken by a tensile force, its fibrous 
structure is plainly apparent. When subjected to repeated 
shocks or loads that exceed the elastic limit, the structure 
changes and becomes more crystalline. Wrought iron has 
a greater tensile strength than cast iron, and can withstand 
shocks much better. The tensile strength of good wrought 
iron is about 55,000 pounds per square inch. When cold 


cre” 


18 MATERIALS OF CONSTRUCTION $15 


rolled under great pressure, as is done in the case of the 
best wrought-iron shafting, the strength of the material is 
greatly increased. Wrought iron cannot be hardened and 
tempered like steel, but it can be case-hardened by rubbing 
the surface, when at a red heat, with potassium cyanide or 
potassium ferrocyanide, and quenching in water. The same 
result may be obtained by packing the wrought iron in 
powdered charcoal and heating it for several hours, and then 
quenching it in water. This process of case-hardening con- 
verts the iron into steel to a slight depth below the surface. 

Wrought-iron bars, when heated and quenched, become 
permanently shorter than before, in which respect wrought 
iron differs from cast iron, since the latter increases in 
volume under similar treatment. 


22. Wrought iron may contain as much carbon as mild 
steel, but it is far more fibrous and less crystalline than steel. 
This is due to the manner in which it is made, the successive 
squeezing and rolling having a tendency to cause the fibers 
of the iron to lie parallel to the direction in which the bar 
is rolled. A small amount of slag remains in the finished 
product, rolled out into fibers that lie between the fibers of 
the iron. 

The different grades of wrought iron are termed common 
bar iron, best iron, double best, and triple best, 
according to the amount of working each receives. The 
quality of the pig iron and the methods of manufacture also 
influence the quality of the wrought iron. Thus, Swedish 
iron is generally considered the best wrought iron, because 
high-grade stock is used, and great care is exercised in its 
manufacture. It is, however, too expensive for most classes 
of work. 


23. Defects in Wrought Iron.—Wrought iron pro- 
duced from poor ore and having an excess of phosphorus 
is said to be cold short. That is, it is very brittle when 
cold, and is liable to crack when bent. It can, however, be 
worked very well at high temperatures. If the iron contains 
sulphur, it is said to be hot short, or brittle and liable to 
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crack when hot, although fairly good when cold. Hot-short 
iron, sometimes called red short, is useless for welding, 
but is tough when cold and is much used for making tin 
plate. In order to-test wrought iron for hot-shortness, a 
sample may be raised to a white heat and an attempt made 
to forge and weld it. 

The slag that remains after rolling is a troublesome factor 
in the use of wrought iron for finished, machine parts, for 
when a file is applied the particles of slag work loose and, 
being caught between the file and the work, score the latter. 
This scoring is also liable to occur in a bearing having a 
wrought-iron journal, which would result in heating and 
excessive wear. 


STEEL 

24. Definition of Steel.—It is a difficult matter to give 
a concise definition of steel that will include all the grades 
produced, and will at the same time exclude cast iron and 
wrought iron. However, steel is essentially an alloy of iron 
and small percentages of carbon, the latter being present in 
greater quantities than in wrought iron and in smaller quanti- 
ties than in cast iron. Small percentages of other elements 
are often added in order to give special properties to the 
product. The question of the proper classification of steels 
has been given much attention, but thus far no classification 
proposed has been generally adopted. 


25. Ordinary carbon steel is made in several grades. 
For machine construction, a grade containing small per- 
centages of carbon, known as low-carbon steel, mild 
steel, or machinery steel, is largely used. It is stronger 
than wrought iron, although it may contain the same per- 
centage of carbon, and it can easily be forged. It will not, 
however, harden to any extent, like steels containing larger 
percentages of carbon. 

Tool steel has the greatest percentage of carbon, is much 
stronger than mild steel, and will become very hard if heated 
and quenched. It is very difficult, if not altogether impos- 
sible, to weld it, though it can be softened or annealed, after 
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hardening, by first heating it to redness and then allowing it 
to cool slowly. In order to temper it—that is, give it a cer- 
tain desired degree of hardness—it is first hardened and then 
heated slowly. As this heating proceeds, the surface of the 
piece shows changing colors, each color corresponding to a 
certain temperature. Consequently, as soon as the desired 
color appears, the piece is at once quenched, when it will 
possess the hardness or temper corresponding to that color 
and temperature. 

There are several substances, such as nickel, tungsten, 
chromium, manganese, molybdenum, aluminum, etc., that 
have great influence on the quality of the steel containing 
them. Some of these are added to the molten metal during 
the process of manufacture, for the purpose of modifying its 
quality to meet certain requirements. Others of these sub- 
stances may exist in the steel as objectionable impurities, 
derived either from the ore or the fuel, or from both. 


MANUFACTURE OF STEEL 


26. The Open-Hearth Process.—Steel used for manu- 
facturing purposes may be made by any one of three proc- 
esses, known as the ofen-hearth process, the Bessemer process, 
and the crucible process, respectively. 

Open-hearth steel is made by melting a charge of pig 
iron with wrought-iron or steel scrap, or by melting pig iron 
and iron ore in an oxidizing flame to remove the excess of 
carbon. The furnace is termed open-hearth because it is 
open at both ends. It resembles the one shown in Fig. 4, 
consisting of a rectangular hearth about twice as long as 
wide, made of firebrick, silica brick, and other refractory 
material. The roof is arched, so as to deflect the flame on 
to the charge. In the open-hearth process, the excess carbon 
in the charge is burned out until only the desired percentage 
remains, at which, point the process is stopped. Gaseous 
fuel is used, and (except in the case of natural gas) both the 
gas and the air are highly heated by the waste gases in 
regenerative furnaces. 
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Open-hearth steel is used for the better grades of steel 
plate, forgings, machine shafts, car axles, structural steel, 
etc. In fact, the steel made by this process is superior for 
all work to that made by the Bessemer process. However, 
Bessemer steel is so much lower in cost than open-hearth 
steel that it is desirable to use the former wherever possible. 


27. The Bessemer process consists in decarburizing, 
or taking out the carbon from, a charge of pig iron by forcing 
a blast of air through it while in a molten condition. The 
oxygen of the air unites with the carbon, carrying off the latter 
as CO,. A quantity of pig iron rich in carbon and free from 
objectionable impurities is then added, so as to give just the 
required percentage of carbon to the steel, this operation 
being known as recarburizing. The molten metal is then 
poured into ingot molds, and the cold blocks of metal, when 
taken from the molds, are known as ingots. These are 
afterwards heated and rolled into commercial shapes. Bes- 
semer steel is used for rails, nails, structural shapes, etc., 
wherever its cheapness makes it desirable and wherever it 
will be just as satisfactory as the higher grade and more 
expensive open-hearth steel. 


28. The decarburizing and recarburizing processes used 
in making Bessemer steel are carried on in a vessel known 
as a Bessemer converter, a sectional view of which is 
shown in Fig. 5. The converter consists of a shell of heavy 
steel plate riveted together and lined with refractory material. 
It is hung on trunnions d and d’, the latter being hollow and 
serving as a passage through which the air blast may enter 
the elbow e, whence it is conveyed to the bottom of the ves- 
sel and then through the tuyéres to the metal. The vessel is 
rotated by hydraulic power applied through a rack and pinion. 
The construction is such that it can be made to revolve com- 
pletely and empty out any slag after pouring the steel. 

Referring to Fig. 5, it will be seen that the vessel consists 
of three principal sections keyed together to form the com- 
plete converter. The middle, or main section, 4, around 
which the trunnion ring a extends, holds the body of metal] 
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while it is being blown. The bottom m is detachable, and is 
held to the body of the vessel by keys and links 7. This con- 
struction facilitates repairs and speed of working. Beneath 
the bottom proper is the tuyére box f; its cover is keyed on 
at & and is air-tight; the nose of the converter c is also bolted 
to the main part, permitting its removal for repairs, etc. 
Converters are made in sizes of from 1 to 20 tons capacity, 
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but are made to take about 5 tons in small plants and from 
10 to 20 tons in the large plants; converters having a capac- 
ity of less than 5 tons are generally used in steel-casting 
plants where the output is small. The metal fills only a 
small part of the space, as the reaction is so violent that 
abundant room must be allowed for it. 
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CRUCIBLE STEEL 

29. The Crucible Process.—The oldest and simplest 
process of steel manufacture is the crucible process. The 
stock is melted in a crucible, which is heated by a fire of 
coke, hard coal, or gas. The air supply is heated in regen- 
erative chambers. The iron that is melted to form the steel 
may be either high in carbon, requiring no addition of car- 
bon, or low in carbon, requiring recarburizing. The stock 
used is chiefly wrought iron and steel scrap, with sufficient 
charcoal to give the required percentage of carbon. 

It is maintained that the highest grade of crucible steel 
can be manujactured only from blister steel made from the 
purest Swedish iron. As no sulphur or phosphorus is 
removed from the charge during the melting process, the 
stock must be free from these impurities. 

In American practice, the crucible is filled with the stock 
while cold and before inserting it in the heating furnace. 
The time required for melting varies from 2¢ to 3 hours. 
Soft steel, or steel low in carbon, requires a longer time to 
melt than high-carbon steel. The presence of manganese, 
however, shortens the period of melting. For making tool 
steel, the molten contents of the crucibles are poured into 
ingot molds about 8 or 42 inches square and deep enough 
to hold the steel from one or more crucibles. These molds 
open lengthwise, so that the ingot may be easily removed. 
The cost of making steel by the crucible process is higher 
than by either the open-hearth or the Bessemer process, for 
which reason crucible steel is used only in the manufacture of 
tools and in other cases where its high cost is compensated 
by the better quality of the product. 


30. Superiority of Crucible Steel.—The superiority 
of erucible steel is believed to be due to the purity of the 
stock used and to the care exercised during the melting, the 
crucible being kept covered so that no injurious substances 
are absorbed by the steel from the fuelin the furnace. The 
materials used for making crucible steel are chiefly puddled 
iron and wrought iron and steel scrap; blister steel and shear 
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steel are also sometimes used. A wide range in the compo- 
sition of crucible steel is possible. Since it is largely used 
for tools, it generally contains from .5 to 1.5 per cent. of 
carbon. The percentage of manganese varies from .1 to 
.75 per cent., and the silicon generally ranges from a few 
hundredths of 1 per cent. to .2 per cent., although there is 
a considerable amount of steel made that contains higher 
percentages than these. Sulphur and phosphorus are usu- 
ally kept below :02 per cent., but for less exacting purposes 
there may be as much as .05 per cent. of each. In the 
highest grades of Swedish stock, there is not more than 
.01 per cent. of sulphur or phosphorus. The effects of these 
impurities are more marked in high-carbon than in low-carbon 
steel, since in the former the metal is more sensitive, and 
small amounts of sulphur, phosphorus, and silicon exert 
greater influences. In determining the carbon in crucible 
steel, the ingots are topped; that is, the upper end is broken 
off and the fracture examined. An experienced eye can 
detect differences in the percentage of carbon as small as 
.05 per cent. 


381. Tool Steel.—Crucible steel is used to a large extent 
for making machine-shop tools, and when manufactured for 
this purpose is called tool steel. The various uses to 
which the different grades of tool steel are put may be 
stated, in a general way, as follows: 

Crucible steel containing from .5 to .75 per cent. of carbon 
is used for battering tools, hot work, dull-edge cutting tools, 
etc.; steel containing .75 to 1 per cent. of carbon is used for 
dies, axes, knives, large-sized and medium-sized drills, etc.; 
steel containing from 1 to 1.5 per cent. of carbon is used for 
razors, lathe tools, gravers’ tools, small drills, etc. The 
best tool steel for general purposes contains from .9 to 1.1 
per cent. of carbon, and is adapted to a wider range of uses 
than any other grade. 

Table I shows the composition of several grades of cru- 
cible steel, with some of the purposes for which each is used, 
although by giving it suitable treatment and tempering it 
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properly the field of usefulness of any grade may be 
considerably increased. 


BLISTER STEEL AND SHEAR STEEL 


62. Blister steel consists of wrought-iron bars that 
have been treated by the cementation process. This treat- 
ment consists in heating the bars to a high temperature for 
several hours in an air-tight compartment of a furnace and 
in contact with carbon. ‘The carbon enters the iron, convert- 
ing it into steel to a greater or less depth, depending on the 
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length of time the process is continued. The surfaces of 
the bars become rough and spotted with blisters, and the 
product thus becomes known as blister steel. It is made in 
several grades, depending on the percentage of carbon 
absorbed, which usually varies from .5 to 1.5 per cent. 
Shear steel is made from blister steel. A number of 
bars of blister steel are welded together so as to form a 
single large bar, which is then hammered or rolled down to 
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the desired dimensions. Shear steel is made in different 
grades, as single shear, double shear, etc., each successive 
and higher grade being produced by cutting the bars of the 
next lower grade, welding them together, and working to 
size. Both blister steel and shear steel are frequently used 
in making crucible steel. 


ALLOY STEELS 


33. Tungsten Steel.—The properties of the ordinary 
tool steels are due almost wholly to the carbon they contain. 
The carbon also affects the qualities of the alloy steels, 
made by adding other elements to give them special proper- 
ties. One of the most important of these elements is tung- 
sten, and steels in which the principal properties are due to 
this element are known as tungsten steels. The amount 
of tungsten may vary from .1 to 10 per cent., the usual amount 
being from 8 to 5 per cent. The tungsten is introduced into 
the crucible in the form of ferrotungsten, which is simply an 
alloy of iron andtungsten. The amount of manganese usually 
runs from 1.5 to 2.5 or 3 per cent., and the percentages of sili- 
con, sulphur, and phosphorus are the same as in carbon steel. 

Air-hardening, or self-hardening, steel—that is, 
steel that will harden in air without being quenched— 
usually contains tungsten. The older air-hardening steels 
were called mushet steel; they contained small percentages 
of tungsten and from 1.5 to 2.8 per cent. of carbon. The 
later varieties of these steels are much harder, and contain 
more tungsten and less carbon owing to the danger of burn- 
ing when the percentage of carbon is high. They are called 
high-speed steels, because of the fact that tools made 
from them can be used at much higher cutting speeds than 
ordinary steel tools. In forging air-hardening steel, great 
care must be taken.to avoid overheating it, for it should not 
be heated beyond a temperature of 1,600° F. Its hardness 
is increased by cooling it in a blast of air, while still greater 
hardness is secured by quenching in oil or water. However, 
the steel is liable to be cracked by quenching, or else ren- 
dered so brittle as to crumble when used for cutting tools. 
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When air-cooled, it cannot be machined by the hardest carbon 
steel. It can be annealed, however, so that it will machine 
readily, by heating it to a bright red for from 24 to 36 hours, 
and then cooling it slowly, while covered with sand or ashes, 
in the furnace. Cutting tools made of tungsten steel will 
retain their hardness at much higher temperatures than will 
tools made of ordinary carbon steel; hence, the speed of cut- 
ting can be greatly increased. This steel will also retain 
magnetism better than the ordinary carbon steel. 


34. Manganese Steel.—Among all the varieties of steel, 
the hardest and toughest is manganese steel. The best 
results are obtained with from 7 to 14 per cent. of manganese. 
The maximum strength is obtained with about 13 or 14 per 
cent. of manganese, and the greater amount manufactured 
contains from 12 to 14 percent. This steel is high in carbon, 
because the ferromanganese used in its manufacture is high 
in carbon. The extreme hardness and toughness of man- 
ganese steel are secured by quenching it in water. This is 
one of the most noticeable peculiarities of the steel, since 
the other alloy steels increase in hardness, but decrease in 
toughness, by quenching. 

Manganese steel is practically non-magnetic. Its uses are 
restricted to work that does not require machining, such as 
castings and forgings for various purposes. It works readily 
at ared heat. It is used principally for the jaws and plates 
of rock crushers and grinding machinery, car wheels, safes 
and vaults, etc. It may be made in crucibles, but the open- 
hearth process is more suitable for large quantities. Owing 
to the large amount of manganese that it contains, the metal 
is extremely fluid, and solid castings, both heavy and light, 
are readily made. The shrinkage is excessive, being about 
> inch to the foot, which increases the difficulties of casting. 


85. Nickel Steel.—The addition of nickel to steel will 
greatly increase its strength, ductility, and elasticity. The 
amount of nickel added usually varies from 3 to 5 per 
cent., although alloys containing as high 30 per cent. are 
made. The nickel is added to the steel either as metallic 


28 MATERIALS OF CONSTRUCTION $15 


nickel or as ferronickel, which is charged with the rest of 
the stock into the furnace. Nickel steel is made almost 
entirely by the open-hearth process, though it can be made 
by either the Bessemer or the crucible process. It is readily 
worked either hot or cold, and is easily forged, but is 
harder to machine than ordinary carbon steel. It is largely 
used for armor plate, gun barrels, engine and propeller 
shafts, tubes for boilers and condensers, bicycle frames, and 
a great variety of purposes in which great strength and 
lightness are required, and in which high cost is not pro- 
hibitive. Nickel steel is also especially valuable because it 
offers a much greater resistance to corrosive influences than 
does carbon steel. 


386. Chrome Steel.—When a small percentage of chro- 
mium is added to steel, in either the crucible or the open- 
hearth process, the product is a steel having great hardness 
and toughness. It will weld readily to itself or to wrought 
iron, and is not injured by excessive heating, as is the case 
with ordinary tool steel. When heated to a moderate heat 
and quenched in water, it becomes hard enough to resist the 
action of tools. The chromium is introduced into the steel 
as ferrochrome, the amount varying from .25 to 2 per cent. 
Chrome steel is used in making high-grade tools, liners for 
rock and roll crushers, stamp-mill shoes, safes, armor plate, 
etc. The best grades are made by the crucible process. 


07. High-Speed Steel.—As already stated, high-speed 
steel is a form of air-hardening tool steel with larger per- 
centages of tungsten than were formerly used. It takes its 
name from the fact that tools made of it may be used at 
considerable higher cutting speeds than tools made of other 
varieties of steel. The cutting speed has been increased in 
some cases from 80 to 400 feet per minute by the substitu- 
tion of high-speed steel for the ordinary kinds. 

High-speed steel is made by the crucible process in the 
same manner as carbon tool steel, but with the addition of 
certain other elements to give it exceptional hardness and 
strength. The additional elements usually employed are 
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tungsten, chromium, molybdenum, and vanadium, with less 
than 1 per cent. of carbon, and less than .02 per cent. of 
phosphorus. To produce the highest grade of steel, great 
care should be taken in its manufacture. After melting in 
the crucible, the steel is cast into ingots, which are then 
rolled into bars of the desired dimensions to form the 
stock from which tools are made. 

Aside from the special preparation of alloy steels with the 
design of securing the best results, it has been found neces- 
sary to forge each steel in a special way, and a tool produced 
may be practically worthless if there is any great variation 
from the required method of treating the steel; even a slight 
deviation from the correct temperature will lower the 
efficiency of the tool. If heated to a certain degree, it may 
be useless for cutting purposes, while a little higher tempera- 
ture may bring it to a good condition, so that with a given 
steel the tool may be either good or bad, depending entirely 
on the methods of hardening and tempering and the tem- 
peratures used. High-speed steel must be heated to a white 
heat, in some cases as high as 2,300° F., during the process 
of hardening. 

For grinding air-hardening steel, the wet sandstone gives 
the best results. If an emery wheel is used, it should be 
dry, and the grinding had better be done before the tool is 
hardened. In dry grinding with an emery wheel, the steel 
becomes very hot, and care must be taken not to allow cold 
water to flow on it while in this condition, as this would 
probably cause the steel to crack. The brands first made 
were more suitable for roughing cuts, and the finishing was 
done with ordinary carbon steel, but the later products are 
quite well suited to all classes of machine-shop tools. 


STEEL CASTINGS 
388. Production of Steel Castings.—The steel for 
castings may be made by any of the three steel-making proc 
esses already described. For the best results, however, 
either the crucible or the open-hearth process is used, the 
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latter being most largely employed because it is less expen- 
sive and because large charges can be easily handled. The 
mixture is generally made up of steel scrap, pig iron, and 
ironore. The percentage of scrap is variable, and may range 
from nothing up to 80 per cent. of the charge. The steel is 
cast in dry-sand molds, in about the same manner as cast iron; 
out the behavior of the steel is different, and it is more diff- 
cult to produce good castings. The shrinkage is greater, 
being about ¢ inch per foot. This often seriously affects the 
castings, because the contraction of the metal while cooling 
is hindered by the hard and unyielding molds. Unless the 
casting is of such a form that it can contract readily as the 
shrinkage occurs, it will be distorted, and it may even become 
ruptured in the mold or be so weakened as to break when in 
service. Since steel melts at a much higher temperature than 
cast iron, the facings of the molds should be less fusible, and 
great care must be taken to prevent shrink holes and cavities 
in the castings. 

In order to make castings of the best quality, it is neces- 
sary to anneel them. This is done by subjecting them for 
several hours to a temperature of from 1,200° to 1,600° F., 
and then cooling them slowly without exposure to the air. 


39. The difficulties in making steel castings are so great 
that many of the attempts to develop this line of work have 
resulted in failure. Their reliability has never been consid- 
ered absolute, because the interior of any casting cannot be 
as accurately known or judged with the same certainty as 
that of a forging or of a rolled shape. Many steel castings 
have hidden defects, which greatly reduce their strength, 
and which cannot be detected by any method of inspection. 
The surfaces of the castings are usually rough. When made 
without defects they are very strong, and can be subjected to 
considerable distortion without breaking. On account of 
their relative cheapness, steel castings are largely used for 
work that formerly was made of wrought iron or steel for- 
gings, and also, in place of cast-iron and malleable castings. 
for work where greater strength is required. 
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SPRING STEEL 


40. Crucible steel that is prepared especially for the 
manufacture of springs is called spring steel. Without 
special treatment, it possesses a higher elastic limit than any 
other steel, while by hardening and tempering the elastic 
limit may be considerably raised. It is for this reason that 
crucible steel is used for making springs. Untreated mild 
steel may also be used, but such springs must necessarily be 
much larger and heavier in order to withstand the same loads 
as special spring steel. 

The peculiar duty for which springs are designed requires 
that they shall yield to the action of certain forces, but shall 
return to their original form directly those forces cease to 
act. The material used for springs must therefore have a 
high elastic limit, so that the springs shall not be strained 
beyond the elastic limit of the material when subjected to 
their greatest load. The elastic limit may be raised and the 
strength increased by cold rolling or drawing into wire. 


ALLOYS 


41. Brass.—Brass is an alloy of copper and zinc. The 
zinc promotes solidity, and makes the alloy cast better than 
would copper alone. The alloy commonly used for brass 
castings is composed of 66 parts, by weight, of copper and 
34 parts of zinc, although from 2 to 4 per cent. of tin is often 
added to give strength to the casting. A small amount of 
lead also is sometimes added to brass to facilitate the work 
to be done on the castings in the machine shop. Lead assists 
in giving the castings a smooth surface, as it forms an oxide 
on the surface and prevents the molten metal taking too 
sharply the impressions of the sand. But the addition of lead 
decreases the strength of the castings, changes their color, 
and makes them corrode more easily. It does not combine 
chemically with copper, but forms a mechanical mixture. 

Brass may be softened by heating it to a dark red ana 
immersing it in cold water. It is hardened by rolling or 
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hammering. Its maximum tensile strength is about 50,000 
pounds per square inch, which is secured by making the alloy 
with 40 per cent. of zinc. The maximum ductility is secured 
with about 25 per cent. of zinc. The color of brass varies 
from a copper red to a gray, according to the amount of zinc 
used. Ordinary yellow brass contains about 30 per cent. of 
zinc. Malleable brass is composed of 33 parts of copper and 
25 parts of zinc. 


42, Bronze.—An alloy of copper and tin is called 
bronze. Tin increases the fluidity of molten copper and 
the tensile strength of the casting, but decreases its ductility. 
Bronzes are largely used for bearing metals. The quality 
of a bronze depends on its composition, the purity of the 
materials used, and the care exercised in melting and pouring. 
Probably the greatest defect in bronzes used for bearings is 
caused by granules of red oxide of copper, due to a lack of 
proper precautions in melting and pouring. These granules 
are very hard, and the bearing is very liable to heat if any of 
these spots occur 0.1 the surface. 

The maximum tensile strength of bronze is about 35,000 
pounds per square inch, and this is attained when the alloy 
contains about 18 per cent. of tin. About 4 per cent. of tin 
gives a bronze of greatest ductility. The bronze having both 
a high tensile strength and great ductility consists of 10 parts 
tin and 90 parts copper. This composition is known as gun 
metal, and is very useful in machine construction. 

Bronzes generally are very useful compounds. They are 
harder, denser, and stronger than copper and do not oxidize 
so easily. Their composition may be varied to suit almost 
any requirements. ‘There are several varieties of bronze into 
which other ingredients enter that give the bronze some dis- 
tinctive property, in which case the bronze takes its name from 
the material added. 


43. Phosphor bronze is an alloy of copper and tin with 
a very small percentage of phosphorus. Phosphorus increases 
the strength, ductility, and solidity of castings. It is supe- 
rior to common bronze for many kinds of bearings. 
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Copper oxide forms in nearly all alloys containing much 
copper when these are heated in the air, and reduces the 
strength and ductility of the alloy. The addition of phos- 
phorus just before pouring the metal reduces the copper oxide 
and makes the casting more ductile. A small amount of the 
phosphorus may combine with the alloy and increase its 


TABLE II 
COMPOSITION OF BEARING METALS 


Metals Copper| Tin | Lead | Zinc ae Iron 
Camelia metal... .. . .| 70:20| 4.25 | 14.75 | 10,20 55 
Antifriction metal... . .| 1.60} 98.13 Trace 
Wyitite-aMetale.. oc. 5 axes 87.92 12.08 
GCariprass lining, 7. so Trace! 84.87 15.10 
Salgee antifriction...../| 4.01] gor] 1,15] 85.57 
Graphite bearing metal. . 14.38 | 67.73 BHA) (G0) 
Antimonial lead...... 80.69 18.83 
Carpop-pronzey, =. sen | 75°471-9-72)) 24557 (2) 
Cornish bronze... . . .| 77.83) 9.60/|.12.40| Trace Trace (3} 
TOOILAMINICL Olsens 8 ss 1 O2630i|) 2.9710 bs TO .07 
American antifriction metal 78.44 .98 | 19.60 65 
AO Did. DLONZOte yes, ee nie 59.00| 2.16 -31 | 38.40 eLE 
Graney bronze... ... . .| 75.80| 9.20] 15.06 
Damascus bronze. .. . .| 76.41 | 10.60} 12.52 
Manganese bronze... . . | 83.45 (4) 1.24 
vamiictaler. eae t se econ) 244\ 10.95) |) 7227 (7) 
Antifriction metal... . . 88.32 11.93 
Harrington bronze... . .| 55.73 .97 42.67 .68 
Car-box metal ss.) fone. 84.33 | Trace] 14.38 .61 
FIATOMCAG ss | a ie gue mo 94.40 6.03 
Phosphor bronze ..... 79.17| 10.22| 9.61 (5) 
Beye iietaliss, | va = - 170.80) 8,00 |)15,00 (6) 
OTHER. CONSTITUENTS ; 
1. No graphite 4. Manganese, 13.48 
2. Possible trace of carbon 5. Phosphorus, .94 
3. Trace of phosvhorus 6. Phosphorus, .20 


7. Phosphorus or arsenic, .37 


strength and ductility, but the greater part prevents the 
harmful effect of the copper oxide. 
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Silicon bronze is a combination of copper and silicon, 
sometimes with zinc and tin added. It is largely used for 
wire for trolley, telephone, and telegraph service, because of 
its great tensile strength, good electrical conductivity, and 
durability. 

Manganese bronze is an alloy of copper and manganese; 
it often contains some iron, and may also contain tin. Man- 
ganese has a great affinity for oxygen, and hence the addi- 
tion of manganese tends to make a clear alloy, free from 
copper oxide. Manganese bronze is usually made by fusing 
together copper and black oxide of manganese, or copper or 
bronze and ferromanganese. It has great strength, and will 
not corrode easily. It is largely used for marine propeller 
wheels. Some so-called manganese bronzes contain no 
manganese, but are alloys of copper and tin with traces of 
other metals. 

Aluminum bronze is made by adding from 2 to 12 per 
cent. of aluminum to copper. ‘This alloy is remarkable for 
its strength, malleability, and ductility. 


44, The composition of several brasses and bronzes 
used for bearing metals is given in Table II. 


45. Babbitt Metal.—Babbitt metal is an alloy of tin, 
copper, and antimony. The term is applied also to a great 
number of alloys on the market that are used to line journal- 
boxes. The metal received its name from the originator of 
a journal-box made so that it could be lined with an antifric- 
tion alloy. The proportions of the elements in the alloy 
vary considerably, according to the weight that it has to 
carry and to the speed of the shaft. The proportions are 
also varied by the manufacturers, who find out by experience 
what combination gives the best results for each kind of work. 
Proportions that have been found satisfactory are, for heavy 
service, 50 parts tin, 2 parts copper, and 8 parts antimony; 
for light service, 50 parts tin, 1 part copper, and 5 parts anti- 
mony. The antimony gives hardness to the alloy and 
reduces contraction, while the tin gives it the antifriction 
quality. 
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For light, high-speed machinery where the bearings are 
not liable to become heated, type metal, an alloy of 
about 80 per cent. of lead and 20 per cent. of antimony, is 
also used for lining bearings. In fact, wherever there is a 
demand for cheapness, the tendency is to use lead instead 
of the more expensive metals, tin and copper. The grades 
having lead as a constituent should not be used in bearings 
that support heavy loads. The presence of lead in Babbitt 
metal can be determined by rubbing the metal on paper; if 
lead is present, it will leave a mark on the paper similar to 
that made by a lead pencil. Lead and antimony combine 
with each other without impairing the antifriction quality 
of the lead. 


46. Solder.—The several alloys used to make metallic 
joints by fusion between pieces of metal are called solders. 
As the solder must be more easily fused than the metal to 
be united, the composition necessarily varies a great deal. 
Solders are designated as hard or soft, according to the tem- 
perature necessary to melt them. The fusing temperature 
of soft solder, usually composed of lead and tin, ranges 
from about 200° to 480° F. The addition of bismuth lowers 
the melting point considerably. A standard grade of soft 
solder is half tin and half lead; but as lead is much the 
cheaper metal, the tendency is to increase its amount. 

Hard solder fuses only at a red heat. It is an alloy of 
copper, zinc, tin, antimony, silver, gold, etc., depending on 
the kind of metal with which it is to be used. 

Spelter is a hard solder composed of copper and zinc, 
which may be of equal parts, though these proportions are 
sometimes varied, and some tin or other metal may be 
added. 


47. German Silver.—An alloy of copper, nickel, and 
zinc is called German silver. It is a hard, white, and 
ductile metal, much used for making table utensils, resistance 
wire for electrical apparatus, ornamental work, etc. There 
are many varieties of German silver, and their composition 
varies from 20 to 30 per cent. zinc and 18 to 25 per cent. 
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nickel, the rest being copper. Sometimes, tin or lead is 
added to cheapen the alloy. Lead makes it more fusible and 
tin more dense, so that it will take a better polish. The 
addition of iron or manganese makes an alloy of whiter 
color, but increases its brittleness. 

An alloy of copper and nickel is used for making coins. 
Nickel is also largely used for plating parts of machines, 
instruments, plumbing fixtures, ornamental work of various 
kinds, fittings for steam, gas, and water, etc. It produces a 
hard durable surface that can be highly polished. 


SELECTION OF MATERIALS 


48. In selecting the material for any part of a machine, 
that which is best suited to the conditions of service should 
be chosen. The materials commonly used for machine parts 
are cast iron, wrought iron, machinery steel, steel castings, 
crucible or tool steel, malleable iron, brass or bronze, and 
Babbitt. 

When a machine-shop tool for cutting purposes is required, 
or a spring is needed, a material must be selected that will 
resist shocks and hard usage. Consequently, the piece should 
be made of some grade of crucible steel. If, however, the 
piece is to be subjected alternately to tension and compres- 
sion, through a wide range of pressures, as in the case of the 
piston rod of a steam engine, then it should be made of 
machinery steel, since this is cheaper than tool steel and 
combines the qualities of toughness, strength, and homo- 
geneity. 

In the case of a connecting-rod, no portion of which forms 
a bearing surface for a sliding or rotating part, wrought iron 
might be used, since it can be worked cheaply in the shop, 
and is strong against varying pressures in tension and com- 
pression. Wrought iron should never be used for journals, 
however, since it contains particles of slag, which would 
cause cutting and heating. Steel castings are sometimes 
used for connecting-rods, if little machining is required, but 
this practice is not to be recommended. 
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Pinions to run with large gears are frequently made of 
machinery steel or steel castings, for the teeth are liable to be 
undercut, and are subjected to greater wear than those of the 
gear, since they come into action more frequently. Hence, 
steel is used both for its strength and its wearing qualities. 

Cast iron is most useful because it can readily be molded 
into various shapes, can be machined easily, and possesses 
considerable strength. Engine cylinders, being rather intri- 
cate in construction, are made of cast iron, because it is 
cheap, strong, and durable, forms a good bearing surface, and 
is easy to cast to the desired form. The frames of most 
machines are made of cast iron, because it gives the necessary 
weight and rigidity without undue cost. 

Small machine parts, such as rocker-arms, which must 
resist shocks, are frequently made of malleable iron. They 
are cheaper than they would be if made of steel, and stronger 
than if made of cast iron. 

It has been found desirable, in most cases, to make a jour- 
nal and its bearing of dissimilar metals, since this reduces 
the friction. That is, metals of the same kind running in 
contact usually produce greater friction than unlike metals. 
A notable exception to this rule is cast iron, which runs very 
well on cast iron. Usually, also, the bearing is softer than 
the journal, so that it will receive the greater part of the 
wear. It may then be replaced at small expense, whereas 
the cost of a new journal is considerable. 

Bronze and brass are generaily used to form the wearing 
parts of bearings, although the former is also used for pro- 
pellers, pump linings, and other parts subjected to corrosive 
action, and which could not be made of cast iron. 

Babbitt metal is used to line cast-iron journal-boxes, since 
it possesses good antifriction qualities. The journal shoula 
be of machinery steel, although cast iron and cast steel have 
been used successfully. 
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STRENGTH OF MATERIALS 


(PART 1) 


STRESS, DEFORMATION, AND 
ELASTICITY 


STRESS AND DEFORMATION 


1. Stress.—The molecules of a solid or rigid body are 
held together by the force of cohesion, and this force must be 
overcome to a greater or less degree in order to change the 
form and size of the body or to break it into parts. The 
internal resistance that a body offers to any force tending to 
overcome the force of cohesion is called a stress. If a 
weight of 1,000 pounds is held in suspension by a rod, there 
will be a stress of 1,000 pounds in the rod. The stress 
induced by the acting force at any section of the rod is the 
same as the total stress at any other section. 

The stress is equal, but opposed, to the external force 
producing it, and is, therefore, measured and represented by 
this force. Thus, a force of 1,000 pounds produces a stress 
of 1,000 pounds. The external force is the force applied to 
a fixed body; the stress is the resistance offered by the body 
to a change of form; and when the body ceases to change its 
shape, as when a rod ceases to elongate, the stress just 
balances the external force. In the United States and Eng- 
land, stresses are measured in pounds or tons; in nearly all 
other civilized countries, in kilograms. 


2. Kinds of Stresses.—Whenever a force, no matter 
how sinall, acts on a body, it produces a stress and a 
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corresponding change of form. According to the manner in 
which forces act on a body, stresses are divided into the 
following classes: 

1. Zension, which is a tensile, or pulling, stress. 
Compression, which is a compressive, or crushing, stress. 
Shear, which is a shearing, or cutting, stress. 

Torsion, which is a torsional, or twisting, stress. 
Flexure, which is a transverse, or bending, stress. 

The first three—tension, compression, and shear—are 
simple stresses. A solid body may be subjected to any one of 
these stresses without the presence of either of the others. 
Torsion and flexure, however, are compound stresses; that is, 
they are a combination of two or more of the simple stresses 
and never appear as simple stresses themselves. Whena 
rod is being twisted, there is a tendency for each section to 
shear from the one next to it, and the fibers of the outer 
surface lengthen and are in tension. When a bar is bent, one 
side is lengthened and the other is shortened, thus combining 
tension and compression. 


BEN 


3. Unit Stress.—The unit stress, or the intensity of 
stress, is the stress per unit of area. In the foregoing illus- 
tration, in which the rod is in tension, if the area had been 
4 square inches, the unit stress would have been 1,000 ~ 4 
= 250 pounds per square inch. Had the area been + square 
inch, the unit stress would have been 1,000 + 4 = 2,000 
pounds per square inch. 

Let /P = total stress, in pounds; 


A = area of cross-section, in square inches; 
S = unit stress, in pounds per square inch. 
P 
Then, Ss = ri Cin 2 ea Pl AS 


This formula is true also when the piece is in compression 
or in shear. That is, the total stress in tension, compression, 
or shear equals the area of the section multiplied by the unit stress. 


4. Deformation.—When a body is stretched, shortened, 
or in any way deformed through the action of a force, the 
change of form is called deformation or strain, the former 
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term being generally considered preferable. Thus, if the rod 
before mentioned had been elongated i's inch by the load of 
1,000 pounds, the deformation would have been 75 inch. 
Within certain limits, to be given hereafter, deformations 
are proportional to the forces producing them, and conse- 
quently to the stresses that balance the forces. 


5. Unit Deformation.—The unit deformation is the 
deformation per unit of length or of ‘area, but is usually taken 
per unit of length and called the elongation per unit of length. 
In this Section, the unit of length will be considered as 
linch. The unit deformation, then, equals the total defor- 
mation divided by the length of the body, in inches. 

Let Z = length of body, in inches; 
= elongation, in inches; 

5 = unit deformation. 


o 
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Then, s= ore = Is 
ELASTICITY 


6. The elasticity of a body is that property by virtue 
of which the body tends to return to its original size and 
shape when distorted by an external force; it is the quality 
that gives spring to a material. 


7. Experimental Laws.—The following laws have 
been established by experiment: 


Law I.—When a body is subjected to a small force causing a 
small stress,a small detormation ts produced, and when the force 
zs removed, the body springs back to tts original shape and the 
stress disappears. This leads to the conclusion that, within cer- 
tain limtts of stress, bodies are perfectly elastic. 

Law I1l.—Within certain limits of stress, the change of shape 
(deformation) is directly proportional to the applied torce. 

Law I1.—When the force producing a stress exceeds a certain 
limit, a deformation ts produced that is partly permanent; that 
ts, the body does not spring back entirely to tts original form when 
the stress disappears. This lasting part of the deformation is 


eas 
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called a set, and in such cases the deformation ts not proportional 


to the stress. 


Law 1V.—Under a still greater force, the detormation rapidly 
increases, and the body is finally ruptured or broken. 


Law V.—A4 shock, or suddenly applied force, does greater 
injury than a torce gradually applied. 


8. Elastic Limit.—According to the first law, the body 
will resume its original form when the force is removed, pro- 
vided that the stress is not too great. This property is called 
elasticity. According to the second law, the deformation is 
proportional to the stress within certain limits. Thus, if a 
pull of 1,000 pounds elongates a body .1 inch, a pull of 2,000 
pounds will elongate it .2 inch. This is true up to a certain 
limit, beyond which the body will not resume its original 
form on the removal of the force, but will be permanently 
deformed, more or less, according to the magnitude of the 
force. The stress at the point where the set begins is 
called the elastic limit. All deformations accompanied 
by stresses within the elastic limit are directly proportional 
to the stresses. 


9. If the stress in a body is increased beyond the elastic 
limit, and none of the deformation disappears when the force 
is removed—that is, if the deformation is all permanent—the 
body is said to be plastic. Clay and wax are examples of 
plastic materials. 

If the larger part of the deformation remains permanent, 
and a small part disappears with the removal of the force, 
the body is said to be ductile. Wrought iron and copper 
are good examples of ductile materials. Such materials are 
adapted to the manufacture of wire. Materials that cannot 
be deformed without fracture are said to be brittle. Brittle- 
ness is a comparative term, no substance being perfectly 
brittle; cast iron and glass are examples of brittle materials. 
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MODULUS OF ELASTICITY 


10. Among engineers, the term elasticity means the 
resistance that a body offers to a permanent change of form; 
and by strength, the resistance that a body offers to division 
or separation into parts. Bodies that have the highest elastic 
limit are the most elastic. 

The modulus of elasticity, sometimes called the coeffi- 
cient of elasticity, is the ratio of the unit stress to the unit 
deformation, provided that the elastic limit is not exceeded. 

Let S' = unit stress; 

§ = unit deformation; 
& = modulus of elasticity. 

Then, by definition, = 2 

Substituting the values of S and s obtained from the 
formulas in Arts. 3 and 5, 

Peary nea! 
Sh 2eAeel ite 

11. If, in this formula, it is assumed thate = / and 4 = 1 
(1 square inch), then = P. That is, the modulus of elas- 
ticity ts that torce which, tf stress and deformation continued 
proportional to each other, would produce in a bar of unit area 
a detormation equal to the original length of the bar. This, 
however, is never the case, as the elastic limit and the ulti- 
mate strength are reached before the applied force reaches 
this value. 


EXxAMPLE.—A wrought-iron bar 2 inches square and 10 feet long is 
stretched .0528 inch by a force of 44,000 pounds; what is the modulus 
of elasticity? 


SoLurion.—Using the formula in Art. 10, 


E= BUTE SANS ee 25,000,000 lb. per sq. in. Ans. 


Ae 2? 0528 
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TENSION 


12. When two forces act on a body in opposite direc- 
tions, away from each other, the body is said to be in ten- 
sion. The two forces tend to elongate the body and thus 
produce a tensile stress and deformation; a weight supported 
by a rope affords a good example. The weight acts down- 
wards, and the reaction of the support to which the upper end 
of the rope is fastened acts upwards; the result being that 
the rope is stretched more or less, and a tensile stress is 
produced in it. Another familiar example is the connecting- 
rod of a steam engine on the return stroke. The crosshead 
then exerts a pull on one end of the rod, which is resisted by 
the crankpin on the other. 


EXAMPLE.—An iron rod, 2 inches in diameter, sustains a load of 
90,000 pounds; what is the unit tensile stress? 


SoLutTion.—Using the formula in Art. 3, 


ie 90,000 __ 
Bid Sy 00S 7 igre 


28,647.82 lb. per sq. in. Ans. 


138. The ultimate strength of any material is the unit 
stress that exists in a body when the external force is just 
sufficient to break it. 

The ultimate elongation is the total elongation produced 
in a unit of length of the material having a unit of area when 
the stress equals the ultimate strength of the material. 


14. For the same size, quality, and kind of material, the 
ultimate strength, ultimate elongation, modulus of elasticity, 
and elastic limit agree quite closely for different pieces. 
Table I gives the average values of the modulus of elas- 
ticity (4,), elastic limit (Z,), ultimate strength (.S,), and ulti- 
mate elongation (s,) of different materials, the quantities 
given being for tension only. As brick and stone are never 
used in tension, their values are not given. 

The values in Table I are average values, and may differ 
from actual values in any particular case; hence, they should 
not be used in designing machine parts, where any consider- 
able degree of accuracy is required. Thus, the ultimate 
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tensile strength of steel varies from less than 60,000 to more 
than 180,000 pounds per square inch, according to its purity and 
the amount of carbon it contains; that of cast iron, from 12,000 
or 138,000 to over 40,000; wrought iron varies from 40,000 to 
72,000, according to quality, the latter value being for wire. 
Timber varies fully as much as, if not more than, any of the 


TABLE I 
TENSION 
Modulus Elastic ee Ultimate 
of Elasticity Limit Strenoth Elongation 
Material E: Li Ge Se 
Pounds per | Pounds per Inch per 


Square Inch | Square Inch 


Pounds per 


Linear Inch 


Square Inch 


Timber . 1,500,000 10,000 0.015 
Cast iron 15,000,000 20,000 0.005 
Wrought iron | 25,000,000 25,000 50,000 0.200 
Steel - 30,000,000 40,000 65,000 0.100 


three preceding materials, its properties depending on the kind 
of wood, its degree of dryness, the manner of drying, etc. 


15. Hereafter problems will be solved by using the 
average values given in the preceding and following tables; 
the designer, however, should not use them, but should 
either test the materials himself or state in the specifications 
what strengths the materials must have. For example, mild 
steel, for boiler shells, should have a tensile strength of not 
less than 55,000 or 65,000 pounds per square inch; Bessemer 
steel, for steel rails, not less than 110,000; open-hearth steel, 
for locomotive tires, not less than 125,000, and crucible cast 
steel, for tools, cutlery, etc., not less than 150,000. It is 
customary, also, to specify the amount of elongation. This 
is necessary because, as a rule, the elongation decreases as 
the tensile strength increases. Having tested the material 
about to be used, or having specified the lowest limits, the 
designer can ascertain the strength and stiffness of construc- 
tion by means of the formulas and rules that follow. 


qe" 
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EXAMPLE 1.—How much will a piece of steel 1 inch in diameter and 
1 foot long elongate under a steady load of 15,000 pounds? 


SoLtuTion.—Apply the formula in Art. 10, 2; = ae oré= ae. 
+4 


From Table I, Z; = 30;000,000 for steel; hence, 
15,000 x 12 Lips 
= 717.7854 X 30,000,000 — .00764 in. Ans. 


Note.—All lengths given in Strength of Materials, Parts 1 and 2, must be reduced 
to inches before substituting in the formulas. 


EXAMPLE 2.—A piece of timber has a cross-section 2 in. X 4 in. and 
is 6 feet long; acertain force produces an elongation of .144 inch; what 
is the value of the stress, in pounds? 


é 


SoLution.—Applying the formula in Art. 10, Z; = as or 


E;Ae _ 1,500,000 x 2X4 x .144 


Fi 6x12 = 24,000 lb. Ans. 


P= 


COMPRESSION 


16. I[f the length of the piece is not more than five times 
its least transverse dimension (its diameter, when round; its 


TABLE II 
COMPRESSION 
Ultimate 
Bloggs oF Elastic Limit | Compressive 
Elasticity St ki 
Material c P 2 et 
Pounds per Ss ear oe! P 4 
Square Inch quare Inc ounds per 
Square Inch 
Timber 1,500,000 8,000 
Brick 2,500 
Stone 6,000,000 6,000 
Cast iron 15,000,000 90,000 
Wrought iron 25,000,000 25,000 50,000 
Steel 30,000,000 40,000 65,000 


shorter side, when-rectangular, etc.), the laws of compression 
are similar to those of tension. The deformation is propor- 
tional to the stress until the elastic limit has been reached; 
after that, it increases more rapidly than the stress, as in the 
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case of tension. The area of the cross-section is slightly 
enlarged under compression. In Table II are given the 
average compression values of /, Z, and SS for timber, brick, 
stone, cast iron, wrought iron, and steel. (See also Table I.) 
~ is not given for brick nor Z for timber, cast iron, brick, 
or stone, because these values are not known. To distin- 
guish between compression and tension when applying a 
formula, /., £., and S. will be used for compression. 


17. When the length of a piece subjected to compression 
is greater than ten times its least transverse dimension, it is 
called a column, and the material fails by a sidewise bending 
or flexure, often called duckling. Table II is strictly true 
only for pieces whose length does not exceed five times the 
least dimension of the cross-section. ‘This statement may, 
without material error, be modified in practice to include 
pieces whose lengths are not greater than ten times their 
least transverse dimensions. 

EXAMPLE.—How much will a wrought-iron bar 4 inches square and 
15 inches long shorten under a load of 100,000 pounds? 


124 
LLIB, 6 


SoLtution.—Applying the formula in Art. 10, Z, = as ore= 


100,000 x 15 


C= 16 X 25,000,000 => .00375 in. Ans. 


SHEAR 


18. When two surfaces move in opposite directions and 
very near together in such a manner as to cut a piece of 
material, or to pull part of a piece through the remainder, 
the piece is said to be sheared. A good example of shear- 
ing is given by a punch; the two surfaces in this case are 
the bottom of the punch and the top of the die. Another 
example is a bolt with a thin head; if the pull on the bolt is 
great enough, it will be pulled through the head and leave a 
hole in it, instead of the bolt breaking by pulling apart, as 
would be the case with a thick head. In this case, the two 
surfaces are the under side of the head and the surface 
pressed against. Other examples are afforded by a knife 
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cutting a piece of wood and an ordinary pair of shears 
cutting paper. This kind of stress takes its name from the 
action of a pair of shears. 


19. The formula in Art. 3 applies in cases of shearing 
stress, but the formulas in Arts. 5 and 10 are never used 
for shearing. In Table III, A, and .S, are used to represent, 


TABLE III 
SHEAR 


Modulus Ultimate Shear- 


Elasticity ing Strength 
Material Jip. iS 

Pounds per Pounds per 

Square Inch Square Inch 
Timber (across the grain) . . 3,000 
Timber (with the grain) .. . 400,000 600 
GaStHTrO leet ty. een uaa 6,000,000 20,000 
Wrought iron . . Segoe ee | LOL OOO O06 50,000 
Steelva es er), an datot bttree i lat 000.000 70,000 


respectively, the modulus of elasticity in shear, and ultimate 
shearing strength. 


EXAMPLE 1.—What force is necessary to punch a l-inch hole ina 
wrought-iron plate $ inch thick? 

Sotution.— 1 in. X 3.1416 X 3 in. = 1.1781 sq. in. = area of 
punched surface = area of a cylinder 1 in. in diameter and ? in. high. 
Using the formula in Art. 3, 

P= AS, = 1.1781 X 50,000 = 58,905 lb. Ans. 

EXAMPLE 2.—A wooden rod 4 inches in diameter and 2 feet long is 
turned down to 2 inches diameter in the middle, so as to leave the 
enlarged ends each 6 inches long; will a steady force pull the rod apart 
in the middle, or shear the end? 


SoLtution.— P=AS,= 2 X 3.1416 X 6 X 600 = 22,620 lb., nearly, 
to shear off one end. The force required to rupture by tension is 
P= AS; = 2? X .7854 X 10,000 = 31,416 lb. Since the former is only 
about two-thirds of the latter, the piece will fail through the shear- 
ing off of the end. Ans. 

Had a transverse force been used, the force necessary to shear off a 
section of the end would have been 4” X .7854 X 3,000 = 37,700 pounds, 
nearly. 
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FACTORS OF SAFETY 


20. It is evident that no force should ever be applied to 
a machine part that will deform it beyond the elastic limit. 
The usual practice is to divide the ultimate strength of the 
material by some number, depending on the kind and quality 
of the material and on the nature of the stress; this number 
is called a factor of safety. The factor of safety for any 
material is: the ratio of its ultimate strength to the actual 
stress induced, or the stress that the body is intended to 
resist. 

In Table III, 70,000 pounds per square inch is given as the 
ultimate shearing strength of steel. Now, suppose that the 
actual stress in a piece of steel is 10,000 pounds per square 
inch; the factor of safety for this piece will then be 70,000 
+ 10,000 = 7. 


21. To find the proper allowable working strength of a 
material, divide the ultimate strength for tension, compres- 
sion, or shearing, as the case may be, by the proper factor 


of safety. 
Table IV gives factors of safety generally used in Ameri- 
TABLE IV 
FACTORS OF SAFETY 
Material Lage uy I ei aa For Shocks 
Buildings Bridges Machines 
Timber . 8 10 15 
Brick and stone. . 15 25 30 
Cast iron 6 15 20 
Wrought iron 4 6 ine) 
Steel 5 7 15 


can practice. Factors of safety will always be denoted by 
the letter / in the formulas to follow. 


22. Twice as much deformation is caused by a suddenly 
applied force as by one that is gradually applied. For this 


are” 
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reason, a larger factor of safety is used for shocks than for 
steady stresses. In general, the factor of safety for a given 
material must be chosen according to the nature of the stress. 

The designer usually chooses his own factors of safety. 
If the material has been tested, or the specifications call for 
a certain strength, the factor of safety can be chosen accord- 
ingly. The general formula then becomes 


jg 
f 


EXAMPLE 1.—Assuming the mortar and brick to be of the same 


strength, how many tons can be safely laid on a brick column 2 feet 
square and 8 feet high? 


Sotution.— P= AS,= 2x2 x 144 X 2,500 = 1,440,000 lb. = 720 
tons. The factor of safety for this case is 15 (see Art. 21, Table IV); 
hence, 720 + 15 = 48 tons. Ans. 


EXAMPLE 2.—What must be the diameter of the journals of a 
wrought-iron locomotive axle to resist shearing safely, the weight on 
the axle being 40,000 pounds? 

FAS: 
er 


SoLuTion.—Let f be the factor of safety; then, P = OF 4 


= a Since the axle has two journals, the stress in each journal is 
Ss 


20,000 lb. Owing to inequalities in the track, the load is not a steady 
one, but varies; for this reason, the factor of safety will be taken as 6. 


20,000 x 6 2.4 


—— ; = ees yf 
50,000 2.4 sq. in. Therefore, d \/- ins 


ele eg 7854 


nearly. Ans. 


EXAMPLE 3.—Considering the piston rod of a steam engine as if its 
length were less than ten times its diameter, what must be the diam- 
eter of a steel rod, if the piston is 18 inches in diameter and the steam 
pressure is 110 pounds per square inch? 


SoLutTion.—Area of piston is 187 X .7854 = 254.47 sq. in. 254.47 


x 110 = 27,991.7 lb., or say, 28,000 lb. = stress in the rod. A = = 
_ 28,000 X 15 _ : : Fy 6246 ; 
Ue EE O00 Ea 6.46 sq. in. Hence, diameter = 7854 = 2.869 in., 


say 2 in. Ans. 


23. When designing a machine, care should be taken to 
make every part strong enough to resist any force likely 
to be applied to it, and to make all parts of equal strength. 
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The reason for the first statement is obvious, and the 
second should be equally clear, since no machine can be 
stronger than its weakest part (proportioned, of course, for 
the load it is to bear), and those parts of the machine that 
are stronger than others contain an excess of material that 
is wasted. In actual practice, however, this second rule is 
frequently modified. Some machines are intended to be 
massive and rigid, and need an excess of material to make 
them so; in others there are difficulties in casting that 
modify the rule, etc. In most cases the designer must rely 
on his own judgment. 


EXAMPLES FOR PRACTICE 


1. A cast-iron bar is subjected to a steady tensile force of 120,000 
pounds; the cross-section is an ellipse whose axes are 6 and 4 inches. 
(a) What is the stress per square inch? (6) What load will the bar 
carry with safety? er et 6,366.18 lb. per sq. in. 

“\ (6) 62,832 Ib. 

2. How much will a piece of steel 2 inches square and 10 inches 

long shorten under a load of 300,000 pounds? Ans. .025 in. 


3. A wrought-iron tie-rod is ~ inch in diameter; how long must it 
be to lengthen % inch under a steady pull of 5,000 pounds? 
Ans. 69 ft., nearly 


4. A steel bar having a cross-section of 5 in. X 4 in. and a length 
of 14 feet is lengthened .036 inch by a steady pull of 120,000 pounds; 
what is its modulus of elasticity? Ans. 28,000,000 lb. per sq. in. 


5. Which is the stronger, weight for weight, a bar of chestnut 
wood whose tensile strength is 12,000 pounds per square inch and 
specific gravity .61, or a bar of steel whose tensile strength is 125,000 
pounds per square inch? Ans. The wood 


6. What should be the diameter of a cast-iron pin subjected to a 
suddenly applied shearing force of 20,000 pounds to withstand the 
shocks with safety? Ans. 57 in., nearly 


7. What steady load may safely be placed on a brick column 
2 feet square and 9 feet high? Ans. 96,000 Ib. 


i? 
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PIPES AND CYLINDERS 


24. <A pipe or cylinder subjected to an internal pressure 
of steam or water is deformed equally in all its parts, and 
when rupture occurs, it is in the direction of its length. 

Wet d = inside diameter of pipe, in inches; 

Z = length of pipe, in inches; 
p = pressure, in pounds per square inch; 
P = total pressure, in one direction. 

Then, Ie == phil (1) 

This formula is derived from a principle of hydrostatics 
that the pressure of water in any 
direction is equal to the pressure 
on a plane perpendicular to that 
direction. In Fig. 1, suppose the 
direction of pressure to be as 
shown by the arrows; 4 & will then 
be the plane perpendicular to this 
direction, the width of the plane 
being equal to the diameter, and 
the length equal to the length of 
the pipe. The area of the plane 
will then be 7 Xd, and the total 
pressure P = fp X/X das before. 
Suppose the pipe to have a thickness /, and let S be the 


working strength of the material = 2 then the resistance 


of the pipe on each side is ¢/.S. Resistance must equal 
pressure; therefore, //d = 2 ¢/,S, or 
PES (2) 

Also, ne) 
which is the maximum pressure a pipe of a given material 
and of given dimensions can safely stand. 

The pressure of water per square inch may be found by 
the formula, = .484%, where # is the head in feet. In 
pipes where shocks are likely to occur, the factor of safety 
should be high. The thickness of a pipe to resist a given 
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pressure varies directly as its diameter, the pressure remain- 
ing consiant. A formula for the thickness is readily 
obtained from formula 2, which becomes 


pees (4) 


EXAMPLE 1.—Find the factor of safety for a cast-iron water pipe 
12 inches in diameter and ¢ inch thick, under a head of 350 feet. 


SoLuTion.—Here p, pressure per square inch, equals .4344 = .434 
x 350 = 151.9 lb. Using formula 3, by transposing and substituting 


thesvaluesuciveny pd — 2 7255,. 00.9) — Cua WEY — = 1,041.6 lb. 
? Dies eas 
per sq. in. In Table I, Art. 14, the ultimate tensile strength of cast 
iron is given as 20,000 ib. per sq. in.; then, the factor of safety is 
20,000 
i 1,041.6 = 19.2. Ans. 
This is so near the factor for shocks that, in practice, the pipe would 


be considered safe against shocks. 


EXAMPLE 2.—Find the proper thickness for a wrought-iron steam 
pipe 18 inches in diameter to resist a pressure of 140 pounds per 
square inch. 


SoLuTIon.—Using a factor of safety of 10, the working strength 
S = 50,000 + 10 = 5,000 lb. per sq. in. From formula 4, ¢ = be 
_ OS < 


~ 2X 5,000 
somewhat greater than the formula requires. 


= 0.252 in. In practice, however, the thickness is made 


CYLINDERS 


25. The tendency of a cylinder subjected to internal pres- 
sure is to fail or rupture in the direction of its length, as in 
the case of a pipe. 

Let d = inside diameter of a cylinder, in inches; 

p = pressure in cylinder, in pounds per square inch; 
¢ = thickness of cylinder wall, in inches. 

Then the area of the cylinder head against which the pres- 
sure acts is ¢ 7d’, and, 

the total pressure on the cylinder head = izd*p 
This pressure tends to rupture the cylinder by pulling it 
apart on a line, around the cylinder, that has a length of 


‘ 


rid 
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ad inches. The area of metal that resists the tendency to 
rupture is, therefore, td# square inches. 


Let .S, equal the working unit stress, equal = then zdtS 


equals the resistance to rupture caused by the pressure act- 
ing on the opposite cylinder heads and tending to elongate 
the cylinder. Since the resistance must equal the force, or 
pressure, ¢za’°p = zd?¢5S, or 


pd=4ts (4) 

Also, p= i (2) 
Since, by formula 8, Art. 24, for longitudinal rupture, 
p= 2i2, it is seen that a cylinder is twice as strong against 


transverse rupture as against longitudinal rupture. Hence, 
other things being equal, a cylinder will always fail by 
longitudinal rupture. 


26. The foregoing formulas are for comparatively thin 
pipes and cylinders, in which the thickness is less than about 
one-tenth the inside radius. For pipes and cylinders whose 
thickness is greater than one-tenth the inside radius, the 
following formula is used, in which vy equals the inner radius, 
and the other letters have the same meaning as before: 

(y+t)?—-7 
aL Cpe ee 

Using the data given in the first example of Art. 24, 

and substituting them in the above formula, 
151.9 = s (64+ 9"—6 4, g _ 151.9 (6+ 4) + 64 
(64. 3)°5 6" (6+ %)? — 6 
from which, S = 1,122.7 pounds, which is 7.7 per cent. 
greater than the result obtained by formula 2, Art. 24. 

In the case. of a sphere, the pressure acts outwardly, and 
the forces tending to rupture it along any line will amount 
to ¢2d’p; that is, the total force tending to rupture a sphere 
will be the total force tending to tear one half of the sphere 
from the other half. This will be resisted by the metal of 
thickness ¢ around the sphere, or a total area of zd# square 
inches; and if the working unit stress is S, as before, the 
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total stress will be zdz#.S. The internal pressure must equal 
the resistance to rupture, hence, ¢7d?p = zat. The for- 
mula for spheres is, therefore, the same as that for trans- 
verse rupture of cylinders, or 

Dia ALS, (2) 

27. Collapsing Pressure.—A cylinder under external 
pressure is, theoretically, in a condition similar to one under 
internal pressure, so long as its cross-section remains a 
true circle. A uniform internal pressure tends to preserve 
the true circular form, but an external pressure tends to 
increase the slightest variation from the circle and to render 
the cross-section elliptical. The distortion, when once begun 
increases rapidly, and failure occurs by the collapsing of 
the tube rather than by the crushing of the material. The 
flues and tubes of a steam boiler are the most common 
instances of cylinders subjected to external pressure. 

The letters having the same meaning as before, the fol- 
lowing formula is frequently used to find the collapsing 
pressure in pounds per square inch for wrought-iron pipe: 


2.18 
~ = 9,600,000 > (1) 


Formula 1 is known as Fairbairn’s formula, and was 
deduced from experiments on flues from 4 to 12 inches in 
diameter and from 20 to 60 inches long. In using the 
formula, a proper factor of safety should be chosen; factors 
of from 4 to 6 may be used for small flues under steady and 
varying stresses, and a factor of 10 for shocks. 

The following formulas are based on recent experi- 
ments by Prof. R. T. Stewart with commercial lap-welded 
steel tubes from 3 to 10 inches in diameter, and of varying 
lengths up to 20 feet: 


p = 86,670 ; 21) 386 (2) 


and p = 1,000 (1 _ {1 — 1,600 a (3) 


in which = collapsing pressure, in pounds per square inch; 
¢ = thickness of tube, in inches; 
dad = outside diameter of tube, in inches. 


tase 
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Formuia 2 applies to those cases in which £ is greater 
‘han .023 and fis greater than 581 pounds, and formula 3 to 


cases in which r and # are less than these values. 


It will be seen that the length of the tube is not con- 
sidered in formulas 2 and 8. Prof. Stewart’s experiments 
indicate that the length of the tube has practically no influ- 
ence on the collapsing pressure of an ordinary lap-welded 
steel tube, so long as the length is not less than about six 
times the diameter of the tube. 

Fairbairn’s formula may be considered as reasonably accu- 
rate for conditions similar to those on which it is based. 
For cases differing from these, the results obtained are not 
reliable. 

The thickness usually given to boiler tubes is such as 
to provide for a good weld and to allow the tubes to be 
expanded into the tube-sheets, and this thickness is in 
excess of that necessary to prevent collapsing. 

EXAMPLE.—What must be the thickness of a wrought-iron boiler 


flue 8 inches in diameter and 5 feet long, if the steam pressure is to 
be not over 160 pounds per square inch? 


SoLutTion.—Using formula 1, witha factor of safety of 4, and 
solving for Z, 


= “V9,600,000 — 
log tp om Ihoye (125 
2.18 


218] 4p ld REIS 1p = "A 4 
9,600,000 ~ N15 


= 1.31429, or ¢ = .2062, say 3% in. 


Hence, log ¢ = 
Ans. 


EXAMPLES FOR PRACTICE 


1. What must be the thickness of a 16-inch cast-iron stand pipe 
that is subjected to a head of water of 250 feet? Assume that the 
stress is steady. Ans. .26 in. 


2. What pressure per square inch can be safely sustained by a cast- 
iron cylinder 12 inches in diameter and 8 inches thick? 
Ans. 1,282 lb. per sq. in., nearly 


9 


3. What is the collapsing pressure of a lap-welded steel tube 
4 inches outside diameter and .1] inch thick? Ans. 997 lb. per sq. in. 
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4. A cast-iron cylinder 14 inches in diameter sustains an interna] 
pressure of 1,500 pounds per square inch; what is the necessary thick- 
ness, assuming that the pressure is gradually applied and that the 
cylinder is not subjected to shocks? Ans. 43 in. 


5. A cylindrical boiler shell 3 feet in diameter is subjected to a 
steady hydrostatic pressure of 180 pounds per square inch; what 
should its thickness be if made of steel having a tensile strength of 
60,000 pounds per square inch? Ans, .27 in. 


ELEMENTARY GRAPHIC STATICS 


FORCE DIAGRAM AND EQUILIBRIUM POLYGON 


28. Before taking up the subject of flexure, some funda- 
mental principles of graphic statics not heretofore considered 
will be explained and applied to the case of beams. The 
polygon of forces was used to find the resultant of several 


Scale 1-80 ib. 2 
(a) o\ 


Fic. 2 E 


forces having a common point of application, or whose lines 
of action passed through a common point. A method of 
finding the resuitant will now be given when the forces lie, 
or may be considered as lying, in the same plane, though 


their lines of action do not pass through a common point. 
eae 
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In Fig. 2 (a), let A, /, and F, be three forces whose mag- 
nitudes are represented by the lengths of their respective 
fines, and their directions by the positions of the lines and by 
the arrowheads. Construct the polygon of forces 01230 
as shown in Fig. 2 (6), O3 representing the direction and 
magnitude of the resultant. Everything is now known 
except the line on which the point of application of the 
resultant must lie. To find this, proceed as follows: 

Ghoose any: point 7, and: draw PO, P71, F2, and Pe: 
Choose any point 4 on the line of direction of one of the 
forces, as /,, and draw lines through 4 parallel to PO and 
FP 1, the latter intersecting /,, or 7, prolonged, inc. Draw 
cd parallel to P2 and intersecting /,, or 7, prolonged, in d. 
Draw de parallel to P3 and intersecting the line a Je parallel 
to POine. The point e isa point on the line of direction of 
the resultant of the three forces. Hence, through e, draw Rk 


Fic. 8 


parallel and equal to O38 and acting in the same direction; 
it will be the resultant. This method is applicable to any 
number of forces considered as acting in the same plane. 
The resultant can also be found when the forces act in 
different planes, but the method of finding it will not be 
described here. 

The point P is called the pole; the lines PO, P1, P2, P3 
joining the pole with the vertexes of the force polygon are 
called the strings-or rays; the force diagram is the figure 
composed of the force polygon 01230, the pole, and the 
strings. The polygon bedcé is called the equilibrium 
polygon. Since the pole P may be taken anywhere, any 
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number of force diagrams and equilibrium polygons may be 
drawn, all of which will give the same value for the resultant, 
and whose lines de and ae will intersect on the resultant A. 
To test the accuracy of the work, take a new pole and pro- 
ceed as before. If the work has been done correctly, de 
and ae will intersect on R. 

The equilibrium polygon gives an easy method of resolving 
a force into two components. 

EXAMPLE.—In Fig. 3, let 7 = 16 pounds be the force, and let it be 
required to resolve it into two parallel components, A and B, at dis- 


tances respectively of 5 feet and 15 feet from /. What will be the 
magnitudes of 4 and #? 


SoLutTion.—Draw O17 to represent / = 161b. Choose any conve- 
nient pole Pand draw the rays PO and Pi. Take any point a on 
and draw @6 parallel to PO, intersecting A in 6, and ac parallel to 
P1, intersecting B in c. Join 6 andc by the line 6c. Through the 
pole P draw Pd parallel to dc, intersecting OZ ind. Then Od is the 
magnitude of A, measured to the scale to which O 7 was drawn, and 
d 71 is the magnitude of & to the same scale. 


29. If the components are not parallel to the given 
force, they must intersect its line of 
direction in a common point. In 
Fig. 4, let / = 16 pounds be the 
force; it is required to resolve it 
into two components 4 and &, inter- 
secting at a, as shown. Draw O1 & 
to some convenient scale equal to 
16 pounds; then draw OP and 1P 1 
parallel to.4 and B&, and O P and P1 SS. 
are the values of the components 4 and &, respectively, both 
in magnitude and direction. 

EXAMPLE.—Let 7,, 72, 73, /,, and F;, Fig. 5, be five forces whose 
magnitudes are 7, 10, 5, 12, and 15 pounds, respectively; it is required 
to find their resultant and to resolve this resultant into two components 
parallel to it and passing through the points a and 0. 

Sorution.—Choose any point O, Fig. 5, and draw O7 parallel and 
equal to /,; 1-2 parallel and equal to F:, etc.; O45 will be the value of 
the resultant, and its direction will be from O to 5, opposed to the 
other forces acting around the polygon. Choose a pole P, and complete 
the force diagram. Choose a point c on 7, and draw the equilibrium 


¢ 


ad 
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polygon cdefghc; the intersection of ch, parallel to PO, and £h, 
parallel to P5, gives a point 2. Through 4, draw # parallel to O05, 
and it will be the position of the line of action of the resultant of the 
five forces. The components must pass through the points a and 8, 
according to the conditions; hence, through a and 4, draw V, and V, 
parallel to &. Since O65 represents the magnitude of A, draw hk 


| ‘. 
= 
: 
; 
o 


a 
- 
- 
Jo 7 
= 
+ 
“a 


and h/ parallel to PO and P35, respectively, as in Fig. 3 (they, of 
course, coincide with c# and gh, since the same pole P is used), inter- 
secting V, and V, in & and Z. Join & and /, and draw PQ parallel 
toads when OO =s14..and Oioe— Vee 


Fre. 5 


COMPOSITION OF MOMENTS 


30. According to the principles of mechanics, the 
moment of a force about a point is the product of the 
magnitude of the force and the perpendicular distance from 
the point to the line of action of the force. A force can act 
in two ways on a body: it can either produce a motion of 
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translation—that is, cause ali the points of the body to move 
in straight parallel lines—or it can produce a motion of rota- 
tion—that is, make the body turn. A moment measures the 
capacity of a force to produce rotation about a given point. 
For example, suppose, in Fig. 6, that 4 C is a lever 30 inches 
long, having a fulcrum at & 10 inches from A. If a weight 
is suspended from C, it will cause the bar to rotate about B 
in the direction of the arrow at that end. A weight sus- 
pended from 4 wil! cause it to revolve in the opposite direc- 
tion, as indicated by the arrow. Suppose, for simplicity, that 
the bar itself has no weight. If two weights of 12 pounds 
each are hung at 4 and C, it is evident that the bar will 
revolve in the direction of the arrow at C, because the 
arm #C is longer than the arm Af. Let the weight at 4 


be increased until it 5 
(7) 20 el 
equals 24 pounds. The 4 °| 
24 UW. Fic. 6 12 bb. 


bar will then balance 
exactly, and any addi- 
tional weight at 4 will 
cause the bar to rotate 
in the opposite direction, as shown by the arrow at that poir‘. 
When the lever is balanced, it will be found that 24 x 10 
= 12 < 20, or considering & as the center of moments, 
24 X perpendicular distance AB = 12 X perpendicular dis- 
tance 8 C. In other words, the moment of W about & must 
equal the moment of P about &—that is, the two moments 
must be equal. Further, P tends to cause rotation in the 
direction in which the hands of a watch move and for con- 
venience will be considered positive, or +; W tends to cause 
rotation in a direction opposite to the hands of a watch and 
will be considered negative, or —. Adding the two alge- 
braically, PX BC+(—-WxXAB)=PXBC-WXAB 
= 0, since the two moments are equal. Hence the following 
general rule: 

Rule.—One of the necessary conditions of equilibrium ts that 
the algebraic sum of the moments of all the forces about a given 
point shall equal zero. 

Applications of this rule will occur further on. 


free 
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GRAPHIC EXPRESSIONS FOR MOMENTS 


31. The moment of a single force may be expressed 
graphically in the following manner: In Fig. 7, let F 
= 10 pounds be the given force and c, at a distance from 
F = fc = 7% feet, be the center of rotation or center of 
moments. Draw O17 parallel to / and equal to 10 pounds. 
Choose any point Pas a pole, and draw the rays PO and 
P1; also draw P2 perpendicular to O27. Through any point 
6on F, draw the sides a6 and #6 of the equilibrium polygon; 
they correspond to de and de, Fig. 2, through the intersection 
of which the resultant must pass, the resultant / being given 
in the present case. Prolong ad, and draw ed through ¢ par- 
allel to 7, intersecting 6g and aé in d and e, respectively. 


Fic. 7 


By geometry, it can be proved that the triangles 6de and O1P 
are similar and that the sides of the one are proportional to 
the corresponding sides of the other. Hence P1: O01 = dd 
:de, and since P2 and fc are perpendiculars from the ver- 
texes to the bases of similar triangles, P2: O1 = fc: de, or 
Pion SLES Sher pole &. OT ere. ha eee 
O1 de 
= the length of the moment arm. Then O1 x fe = the 
moment of / about c, and therefore P2 x de, which 
equals O1 X fc, is also equal to the moment of F about c, 
when P2 is measured to the same scale as O1, and ed is 
measured to the same scale as cf. 

The line P2 is called the pole distance and will hereafter 
always be denoted by the letter H. The line de is called the 
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intercept. Hence, the pole distance multiplied by the inter- 
cept equals the moment, or, denoting the intercept by y, the 
moment = Ay. 

The statement just made is one of the most important facts 
in graphical statics, and should be thoroughly understood. 
In the triangle PO1, the lines PO and P1 represent the 
components of the force / in the directions ad and g4, 
respectively, while the lines of action of those components 
areaé and gb, meeting at 6. As de is limited by ¢é and ab 
(produced), the following definition is given: The zzder- 
cept of a force whose moment about a point is to be 
found is the segment (or portion) that the two components 
(produced, if necessary) cut off frum a line drawn through 
the center of moments parallel to the direction of the force. 


32. The pole distance and intercept for the moment of 
several forces about a given point may be determined ina 
similar manner by first finding the magnitude and position 
of the resultant of all the forces; the moment of this resultant 
about the given point will equal the value of the resultant 
moment of all the forces that tend to produce rotation about 
that point. 

EXxAMPLe.—Let /, = 20 pounds, /, = 25 pounds, and 7; = 18 pounds 


be three forces acting as shown in Fig. 8; find their resultant moment 
about the point C. 


R 
/ 20 lb. 26 Lb. 
f 


Fie. 8 


SortutTion.—Draw the force diagram, equilibrium polygon, and 
resultant # as previously described. Draw dCe parallel to R. The 
intercept de, multiplied by the pole distance /Q = the resultant 
moment. 


ILT 374—16 
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38. If all the forces are parallel, the force polygon isa 
straight line; this is evident, since, if a line of the force 
polygon be drawn parallel to one of the forces and from one 
end of this line a second line be drawn parallel to another 
force, the second line will coincide with the first. 


EXAMPLE.—Let 7, = 30, 7, = 20, and 7; = 20, all in pounds, be 
three parallel forces acting downwards, as shown in Fig. 9. It is 


ae ere 
= a lo 


& 


20 lb. 


F; 


& 


Scale of forces 1=40 lb. 
wu” 
Scale of distances 1=40' E 
Fic. 9 


required to find their resultant moment (algebraic sum of the moments) 
and the moment of their resultant, all moments to be taken about the 
point C. 


SoLution.—Lay off Oi = 30 lb. = #, 1-2 = 20 lb. = F,, and 2-3 
= 20 lb. = *,, and O38 is the value of the resultant. Choose some 
point P as a pole and draw the rays. Take any point, as 0, on any 
force, as /,, and complete the equilibrium polygon 6cde6; then, the 
line of action of the resultant must pass through e. Through C 
draw Cz parallel to R and prolong de. The moment of R about C 
equals the pole distance 7, multiplied by the intercept 47, since 472 is 
that part of the line drawn through C parallel to R, and included 
between the lines 6e and de of the equilibrium polygon, which meet 
on &. Measuring Az to the scale of distances (1 in. = 40 ft.), it 
equals 23 ft. Measuring # to the scale of forces, it equals 40 lb. 
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Consequently, the moment of R about C = 40 & 23 = 920 ft.-lb. Con- 
sidering the force /,, the intercept is gz, since / is parallel to R, and, 
consequently, to Cz; also g7 is that part of the line Cz included between 
the sides cd and de, which meet on F;. Measuring 7, it is found to 
equal 28 ft. Hence, the moment of /, about C = 40 X 28 = 1,120 ft.-lb. 
ihe moment of /, about C = Ak fg = 40 <x 13 = 520 ft.-lb. The 
moment of #, = HX fh = 40 x 18 = 720 ft.-lb. Now #, and F, have 
positive moments, since they tend to cause rotation in the direction of 
the hands of a watch, while /, has a negative moment, since it tends 
to cause rotation in the opposite direction. Consequently, adding the 
moments algebraically, the resultant moment = 1,120 + 520 — 720 
= 920 ft.-lb., the same as the moment of the resultant. 


Having described the fundamental principles of graphic 
statics, the consideration of the strength of materials will 
now be continued, and the stresses due to flexure and 
torsion discussed. 


BEAMS 


DEFINITIONS 


34. Any bar resting in a horizontal position on sup- 
ports is called a beam. 

A simple beam is a beam resting on two supports very 
near its ends. 

A cantilever is a beam resting on one support in its 
middle, or which has one end fixed (as in a wall) and the 
other end free. 

An overhung beam is a beam resting on two supports 
with one or both ends projecting beyond the supports and 
sustaining loads. 

A restrained beam is one that has both ends fixed (as a 
plate riveted to its supports at both ends). 

A continuous beam is one that rests on more than 
two supports. The continuous beam will not be discussed 
here, as the subject requires a knowledge of higher 
mathematics. 

A load on a beam is the weight that the beam supports. 

A concentrated load is one that acts on the beam at one 
point. 
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A uniform load is one that is equally distributed over the 
beam, so that each unit of length has the same load. 

In the solution of problems in flexure, two methods are 
used, namely, the analytic and the graphic. By the 
analytic method, the results are obtained by calculation and 
the use of formulas; by the graphic method, they are 
obtained by means of diagrams drawn accurately to scale, as 
illustrated in the preceding articles on Graphic Statics. In 
the following explanations and solutions, both methods will 
be given. In practice, the one may be used that is best 
suited to the work that is to be done; or one may be used 
as a check on the other. 


SIMPLE BEAMS 


REACTIONS OF SUPPORTS 

385. All forces that act on beams will be considered as 
vertical, unless distinctly stated otherwise. According to 
the third law of motion, every action has an equal and oppo- 
site reaction; hence, when a beam is acted on by down- 
ward forces, the supports react upwards. In problems of 
construction in which beams are used, the weights, or down- 
ward forces, acting on the beams are usually known; from 
these, it is required to find the value of the reaction at each 
support. If a simple beam is uniformly loaded or has a 
load in the middle, it is evident that the reaction of each sup- 
port is one-half the load plus one-half the weight of the beam. 
If the load is not uniformly distributed over the beam, or if 
the load or loads are not in the middle, the reactions of the 
two supports will be different. In order that a beam may be 
in equilibrium, three conditions must be fulfilled: 

1. The algebraic sum of all vertical forces must equal 
zero; otherwise the beam will move up or down. 

2. The algebraic sum of all horizontal forces must equal 
zero; Otherwise the beam will move sidewise. 

8. The algebraic sum of the moments of all forces about 
any point must equal zero; otherwise the beam will turn 
about that point, 
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Since the loads act downwards and the reactions upwards, 
the first condition states that the sum of all the loads must 
equal the sum of the reactions of the supports. The reactions 
and forces acting upwards will be considered as posi- 
tive, or +, and the downward weights as negative, or —. 
It is plain that the first condition of equilibrium is satisfied 
when the sum of the positive forces and reactions is equal 
to the sum of the negative forces. 


56. Reactions for Concentrated Loads.—The prin- 
ciples just stated apply directly to a simple beam with con- 
centrated loads. Let 4#, Fig. 10, be such a beam, with 
supports at 4 and B, through which the lines of the reactions 
FR, and F&, pass, and let /,, 7, and 7; be concentrated loads 


at distances /,, 7., and 7, from the left support, as shown, 
Z being the length of the beam between supports. Let J, d,, 
/,, and /, be in feet, and #&,, R., /,, 72, and 7, be in pounds. 
Then A, + &, — /, -- fF, — fF, = 0, or 
Ri+R, = A+ 7,4+F; CL} 
Taking the moments about #, as a center, A,/ — F,/, 
= fla — FJ. = OOr 
R= BAthAt ht (2) 
The moments may also be taken about the right support. 
Then, Kil — f(t — 1.) — FU — 1.) — Fi — 1.) = 0, or 
R= FA FRU) Ry) (3) 
No matter how many concentrated loads there may be on 
the beam, the same principle applies. The above formulas 
are the expression of the statements 1 and 38 of Art. 35. 


EXAaMPLE.—Let ,, Fig. 11, be the reaction of the left support, 
FR, the reaction of the right support, and let the distance between the 
two supports be 14 feet; suppose that loads of 50, 80, 100, 70, and 30 
pounds are placed on the beam at distances from the left support equal 


hain 
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to 2, 5, 8, 10, and 123 feet, respectively. What are the reactions of the 
supports, neglecting the weight of the beam? 

ANALYTIC SOLUTION.—Writing formula 2 for five loads, 
p, a fils Pala t Fala t Flat Pols 

ae l 
Substituting the values given in the example, 
9: 37 

ie _ 50 X 2+ 805+ 1 x84 DX 10+ 30 X 12.5 = et = 169, Ib. 
Applying formula 3 in the same manner, 
R = TAY = Us) + Fi(2 — py) + F,(1 — Zz) + F,(l— Ta) + F(l— ls) 


9 


10 WW 12) 13 14 


Scale 1’=160 lb, 


Fie. 11 


Substituting the values, 
50 xX 12+80x9+100X6+70X4+30x*1.5 2 
je a 2 aE 2 = 16034 Ib. 
Now, formula 1 ean be applied as a check. Written for five loads, 
it becomes: 2, -— Ay = Fy Ae Fe Fe. Substituting, A, + R. 
= 16077 + 1695% = 330; and 7, + 74+ 74+ 4.+ 7 = 50+ 80+ 100 
+ 70 + 30 = 330 1b. The results are thus shown to be correct. 
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GRAPHIC SOLUTION.—The reactions may also be found graphically 
by resolving the resultant of the weights (which, in this case, acts ver- 
tically downwards) into two parallel components, passing through the 
points ofsupport. The sum of the reactions is equal to the sum of the 
components, but the two sums have different signs. Draw the beam 
to some convenient scale, and locate the loads as shown in Fig. 11. 
Draw the force diagram, making OZ = 50 lb., 1-2 = 80 lb., 2-8 
= 100 lb., 3-4 = 70 lb., and 4-5 = 30 lb.; O85 represents by its length 
the sum of the weights or their resultant, thus representing the force 
polygon. Choose any point as Pand draw PO, P1, P2, etc. 

Choose a point 6 on the line of action of the force /,, and draw the 
equilibrium polygon @bcdefga, as in Fig. 9; a6 and fg intersect 
at #, the point through which the resultant # must pass. Draw Px 
parallel to ag, and Ox will be the reaction (= component) #,, and 
a6 the reaction R,. Measuring Ox and x6 to the same scale used to 
draws. O'5, Ay — 161 iby, and’, = 169 lb. By ‘calculation, it was 
found that “, = 160;% lb., and R, = 1695% lb. This shows that the 
graphic method is accurate enough for all practical purposes. The 
larger the scale used, the more accurate will be the results, 


VERTICAL SHEAR 


37. In Fig. 11, imagine that part of the beam at a very 
short distance to the left of a vertical line passing through 
the point of support A to be acted on by the reaction 
FR, = 160 pounds, and that part to the right of the line to 
be acted on by the equal downward force due to the load. 
The two forces acting in opposite directions tend to shear 
the beam. 

Suppose that the line had been situated at the point 3 
instead of at 4; the reaction upwards would then be partly 
counterbalanced by the 50-pound weight, and the total reac- 
tion at this point would be 160 — 50 = 110 pounds. Since 
the upward reaction must equal the downward load at the 
same point, the downward force at 3 also equals 110 pounds, 
and the shear at this point is 110 pounds. At the point 6, 
or any point between 5 and 8, the downward force due to 
the weight at the left is 50 + 80 = 130 pounds, and the 
upward reaction is 160 pounds. The resultant shear is, 
therefore, 160 — 180 = 30 pounds. At any point between 
8 and 10, the shear is 160 —(50 + 80 + 100) = — 70 pounds. 
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The negative sign means nothing more than that the weights 
exceed the reaction of the left-hand support. 

The vertical shear equals the reaction of the left-hand support, 
minus all the loads on the beam to the lett of the point consid- 
ered. Theretore, the point of zero vertical shear comes at that 
section where the sum of the loads to the lett of and at the 
section tirst equals the left-hand reaction. 

For a simple beam, the greatest positive shear is at the 
left-hand support, and the greatest negative shear is at 
the right-hand support, and both shears are equal to the 
reactions at these points. 


38. Graphic Representation of Shear.—The ver- 
F, 


I, 
Ib. 


Fy l Fy 
vole raf 70 


Fie. 12 


tical shear may be represented graphically as shown in 
Fig. 12, which is Fig. 11 repeated. Draw the force diagram, 
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continue the lines of action of R, and R, downwards, and 
make O’5’ = O5. Through x draw the horizontal line x’ x’ 
called the shear axis. The vertical shear is the same for 
any point between 4 and 2 and equals Ox = O' x” = 160; 
hence, draw O’f parallel to x x’, and any ordinate measured 
from xx’ to O'h between O’ and hk = 160 pounds = the 
vertical shear at any point between O/ and # when O!h = A2. 
O1, it will be remembered, is equal to 50 pounds, or the 
force /,. Through 7 draw 12 parallel to x” x’, and project 
the points 2 and 5 on it, in ¢ and &. Then, the length of 
the ordinate between x” x/ and z7& equals the vertical shear 
between 2 and 5. In the same way, find the remaining 
points /,#, etc. The broken line O!A7z... ¢ is called the 
shear line, and the figure O!hz...rstx'x" is called 
the shear diagram. ‘To find the shear at any point, as 77, 
project the point on the shear axis and measure the ordinate 
to the shear line, drawn through the projected point. If the 
ordinate is measured from the shear axis upwards, the ver- 
tical shear is positive; if downwards, it is negative. For the 
point 77, the vertical shear is —140 pounds. The maximum 
negative vertical shear is — 170 pounds = x/f = x5. The 
greatest shear, whether positive or negative, is the one 
which the beam must be designed to withstand. It should 
be noticed that the shear passes from a positive to a 
negative value under point 8, as shown by the line mz 
crossing x! x’. 


BENDING MOMENT 


39. A beam seldom fails by shearing, but generally by 
bending and breaking under its load; that is, it fails by flex- 
ure. In order to design a beam to resist flexure, the maxi- 
mum bending moment must be known. 

The bending moment at any point of a beam ts the alge- 
braic sum ot the moments of all the forces (the reaction included) 
acting on the beam, on etther side of that point, the point being 
considered as the center of moments. 

The expression algebraic sum refers to the fact that, when 
considering the forces acting at the left of the point taken, 
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the moments of all the forces acting upwards are considered 
positive, and the moments of all the forces acting downwards 
are considered negative. Hence, the algebraic sum is the 
moment of the left reaction about the given point, minus 
the sum of the moments, about the same point, of all the 
downward forces between the reaction and the given point. 
Should there be any force or forces acting upwards, their 
moments must be added, since they are positive. If the 
forces on the right of the point are considered, all lever arms 
are negative, distances to the left of the point being +, those 
to the right being — (see Art. 30). Hence, the downward 
forces give positive moments, and the right reaction gives 
a negative moment. This is as it should be, for the down- 
ward forces on the right and the upward forces on the left 
tend to rotate the beam in the direction of the hands of a 
watch; while the downward forces on the left and the upward 
forces on the right tend to rotate the beam in the opposite 
direction. 


40. Bending Moment by Analytic Method.—Con- 
sider the beam 4 B, Fig. 10, with concentrated loads F,, 7, 
and /,, and reactions R, and R,. Let C be any point in the 
beam at a distance of x feet from R,. The algebraic sum of 
the moments of the forces on either side of the point C are 
equal; those to the left will be positive, having the plus sign, 
and those to the right will be negative, having the minus 
sign. Letting J7 represent the bending moment at C, in 
foot-pounds, and taking the moments of the forces to the left 
of C in order to get positive values for 7, then with C as a 
center of moments, 

M= R,x — F(x —1,)— F(x —1,) (1) 

If C is taken between RF, and 7,, and the moments of the 
forces to the left of C are considered, the formula for the 
bending moment is 

M= Rix (2) 

This expression.gives the moment for any section of the 
beam between R, and *. At R, the value of WW is zero 
because x is zero and the value of J/, the bending moment, 
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increases from this point to 7; that is, the bending moment 
for the different sections of the beam increases as x increases 
from 0 to /,. 

If the point C is taken between /, and /, and the moments 
taken to the left of C, the formula for the bending morhent is 
M= Rix — F(x =) (3) 

This expands to / = R,x — Fix + F,/; and by combining 
terms containing x, it becomes 1% = (R,—F7A,)x+Fik,. 
From this expression, it is seen that when A, is greater 
than /,, the bending moment // increases as x increases 
from /, to /,; and if 7, is greater than #,, 17 decreases as x 
increases from /, to /,; but if R, = 7, the value of 17 remains 
constant, because then (2, — F) = 0 and F, 7, does not 
change in value. 

If the point C is taken between /, and F,, formula 1 is 
obtained, which expands to 17 = R,x —F,x+4+ F,1,-—Fix 
+ F,/,. Combining the terms containing zx, the expression 
becomes, @ = (R, -A7,—F.)x+Fii4+Fl.. As Fl, and 
F,/, are constant, the value of J7 in the formula increases as 
x increases from /7, to 7,, when R, is greater than (7, + 4); 
it decreases when A, is less than (/,+ 4), and remains 
constant when &, = (7, +f). 

From these formulas it will be seen that, when concen- 
trated loads alone are considered, the change from an 
increasing to a decreasing bending moment always occurs at 
the point of application of one of the concentrated loads. It 
follows that the maximum bending moment occurs at the 
point of application of one of these loads. The maximum 
bending moment may, therefore, be found by calculating the 
bending moments at the points where the loads are applied 
and comparing the results. 


Notr.—The expression foot-pounds, used in stating the value of a 
moment, must not be confounded with foot-pounds of work. The 
former means simply that a force has been multiplied by a distance, 
while the latter means that a resistance has been overcome through a 
distance. In expressing the value of a moment, the force is usually 
measured in pounds or tons, and the distance in inches or feet; hence, 
the moment may be inch-pounds or inch-tons and foot-pounds or foot- 
tons. Unless otherwise stated, the bending moment will always be 
expressed in inch-pounds, the length of the beam being always meas- 
ured in inches, and, consequently, the length of the intercept y also. 
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41. Bending Moment by Graphic Method.—To find 
the bending moment for any point of a beam, as 7, Fig. 12, 
by the graphic method, draw the vertical line 7-7’ through 
the point. Let y = that part of the line included between 
agandabcdfg of the equilibrium polygon (= vertical inter- 
cept). Then HX y = the bending moment. JA, of course, 
equals the pole distance = Pw. For any other point on the 
beam, the bending moment is found in the same manner, 
that is, by drawing a vertical line through the point and meas- 
uring that pait of it included between the upper and lower 
lines of the equilibrium polygon. ‘The scale to which the 
intercept y is measured is the same as that used in draw 
ing the length AB of the beam. The pole distance FH is 
measured to the same scale as O35. In the present case, 
y = 2.05 feet, and H = 349 pounds; hence, the bending 
moment for the point 7 is Hy = 349 x 2.05 = 715.45 foot- 
pounds. 

If expressed in inch-pounds, the value of the moment just 
found is 715.45 x 12 = 8,585.4 inch-pounds. It will be 
noticed that after the force diagram and equilibrium polygon 
have been drawn, the value of the bending moment depends 
solely on the value of y, since the length Pw = A is fixed. 
At the points a and g, directly under the points of support 
of the beam, y = 0; hence, for these two points, bending 
moment = Hy = HX 0 = 0; that is, for any simple beam, 
the bending moment at either support is zero. The greatest 
value for the bending moment will evidently be at the 
point 8, since @8’ is the longest vertical line which can be 
included between ag and acfg. 

The figure acega is called the diagram of bending 
moments. 


SIMPLE BEAM WITH UNIFORM LOAD 


42, Analytic Method.—The vertical shear, in the case 
of a simple beam carrying a uniform load, decreases uni- 
formly from the maximum positive shear at the left sup- 
port to the maximum negative shear at the right support. 
Hence, at the middle point of the beam, the vertical shear 
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will be zero. Let AB, Fig. 13, be a simple beam with a 
uniform load of w fe — tl ———— + 


BO ds eres ey ees einen fe LS 
foot and a length of r,k- —a«—le Re 


Z feet. The reactions - Fic, 13 


FR, and F&, are equal to each other, and each is equal to ae 
that is, each reaction is equal to half the load. This may be 
expressed as a formula thus: 
R= R= (1) 
2 
The bending moment at any point, as C, is then 
l a 

M= ox —wxX 2 

5 5 (2) 

The load for any part of the beam x feet long is wx pounds; 
and being a uniform load, it may be regarded as acting at 
the middle point of the portion considered. 

When x = Q or /, the value of 1/7 in formula 2 becomes 0, 


MeeMes ; 
and when x% = 9 it is a maximum, and the formula becomes 


Buta = ; indicates the middle point of the beam; hence, 


in this case, the maximum bending moment comes at the 
point of zero vertical shear. 


43. Graphic Method.—The graphic method will now 
be applied to the case of a simple beam uniformly loaded. 
Let the distance between the supports in Fig. 14 be 12 feet, 
and let the total load uniformly distributed over the beam be 
216 pounds. Divide the load into a convenient number of 
equal parts, the more the better—12 in this case. The load 
that each part represents is 216 +12 = 18 pounds. For 
convenience, lay off OC on the vertical line through the left- 
hand support, equal to 216 pounds to the scale chosen, and 
divide it into twelve equal parts, Oa,aé, etc.; each part will 
represent 18 pounds to the same scale. Choose a pole P 
and draw the rays PO, Pa, Pb, etc. Through the points d,e, 


toad 
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ete., the centers of gravity of the equal subdivisions of the 
load, draw the verticals @ 1, ¢3, £5, ete., intersecting the hori- 
zontals through QO, a, 4, ete., in 1, 3, 5, etc. Draw O12, f-2, 
2-3, 3-4, 4-5, etc., and the broken line thus found will be the 
shear line. In drawing the shear line for a uniform load in 
this manner, it is assumed that each part of the total load is 
concentrated at its center of gravity, or, in other words, that 
a force equal to each small load (18 pounds) acts on the 
beam at each of the points @,e,f ete. 


—— Ba eee 


Seale of serces 1=120 te 
¢ Seale of distances 154° 
Fre. 

Construct the diagram of bending moments in the ordi- 

nary manner by drawing g? parallel to PO, f& parallel to 

Pa,ete. Draw PA parallel to gf, and A/g horizontal; A/¢ 

is the shear axis. When the load is uniform and the work 

has been done correctly, O AZ should equal A/C, that is, the 
reactions of the two supports are equal. 


44. The shear line is not in reality a broken line, as 
shown, since the ‘load is distributed evenly over the entire 
beam, and not divided into small loads concentrated at @, ¢, tf. 


§16 STRENGTH OF MATERIALS 39 


etc., as was assumed. The points 1, 3, etc. are evidently 
too high, and the points 2, 4, etc. too low. To find the 
real shear line, bisect the lines 1-2, 3-4, etc., locating the 
pomts 647.8, etc, Trace aline through, O,'6,.7, 8... ZV, 
and it will be the real shear line. For all cases of a uniform 
load, the shear line will be straight and may be drawn from 
O to N directly. 

The diagram of bending moments is also not quite exact, 
but may be corrected by tracing a curve through the points g 
and /, which will be tangent to g7,7, k/, etc. at their middle 
points, as shown in the figure. 


45. To find the maximum bending moment for any beam 
having two supports, draw a vertical line through 7, where 
the shear line cr 3 the shear axis; the intercept, s/ = y, on 
the diagram of bending moments will be the greatest 
value of y, and consequently the greatest bending moment 
= Hxy. Inthepresent example,W = Pu = 247.5 pounds, 
and maximum y = sf = 15.72 inches; hence, the maximum 
bending moment = Hy = 247.5 X 15.72 = 3,890.7 inch- 
pounds. No matter how the beam may be loaded, the fore- 
going is still true. In Fig. 12, the shear line cuts the shear 
axis at z, and d@8’, on the vertical through z, was shown 
previously to be the maximum intercept. 


SIMPLE BEAMS WITH MIXED LOADS 


46. Analytic Method.—Let 4 &, Fig. 15, represent a 
simple beam / feet long, 
with a uniform load of w 
pounds per foot of 
length, and with loads 
of /, and /, pounds at 
a distance of /, and J, 
feet from R,. The algebraic sum of the vertical forces being 
equal to zero, Rk. + Rk, — /, — fF, — wil = 0, or, 

Ri+k, = F+h+wl (1) 
F,, F,, and w/ being known from the conditions of the prob- 
lem, it becomes necessary to find #&, or &, before the other 
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can be determined by formula 1. In order to determine &,, 
take the moments of all the vertical forces about #, as a 
center. The moment of , will then be zero, and the 
moment of #,, the only other force acting upwards, will 
equal the moments of all the downward forces, or R,/ = Fi 4, 
+F,l,+4¢wil’. Dividing both sides of the equation by / 
gives 
l 

This value for R, may be substituted in formula 1 to 
determine 2,, or R, may be determined in a manner similar 
to that by which #, was found, that is, by taking moments 
about A, as acenter. Thus, 

jee BU) nah) tee (3) 

Any two of the above formulas may be used to find &, 
and #,, and the third may be used to check the results. 

It has been shown that the shear passes from a positive 
to a negative value, that is, it has a zero value, at the 
section at which the maximum bending moment occurs, for 
beams uniformly loaded or loaded with concentrated loads 
only. Itcan be shown, by an intricate process, that the point 
of zero shear for a simple beam loaded with a mixed load 
is also at the point of the maximum bending moment. It 
is very convenient to find the maximum bending moment 
for a simple beam with a mixed load by first finding the 
point of zero shear and then finding the bending moment 
for this point. This method will, therefore, be used here. 

The maximum positive shear occurs at the point of appli- 
cation of the left reaction and is equal to the reaction. In 
order to find the point of zero shear, it is necessary to locate 
the point where the sum of the loads, between this point and 
either reaction, passes from a value less than to a value 
greater than the reaction. To do this, it may be necessary 
to make trials at the points of application of several different 
concentrated loads; and where a uniform load is applied, to 
find how much of the uniform load must be considered in 
addition. 


R, 
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This method will be applied to the simple beam carrying 
a mixed load, as shown in Fig. 15. If the uniform load 
is w pounds per foot, the load between A, and F, is w/,. If 
wl, is greater than &,, the point of zero shear will lie at a 
distance of # feet tothe right of 7, so that A, = wx; 
and x may be found by the formula 


ees (4) 


w 

If wi, is less than R, but (w/,+ F,) is greater than R,, 
the point of zero shear will be at the point of application of /,. 
If (wl,+.7,) is less than &, but (wl,+ 7) is greater 
than #&,, the point of zero shear will be at some point, 
as C, between /, and /;, at a distance of x feet from A,, 
such that 

x= Eada (5) 
w 

If (w/, + F,) is less than 2, but (w/, + 7, + F,) is greater 
than #,, the point of zero shear is at the point of application 
of F;.. If, however, (wd,+ 7,+ F,) is less than 2,, the 
point of zero shear will be at the distance of x feet from R,, 
and x may be found by the formula’ 
ian heed (6) 

w 

In case there are more concentrated luads, this method 
can be applied until the point of zero shear is found. ‘The 
same method can be applied when considering the right 
reaction first; but as the left reaction is considered positive, 
it is customary to start from that point. 

Having located the point of zero shear at some point, 
as C, at a distance of x feet from #, and between /, and #,, 
the maximum bending moment is 

M = Rix —30x — F(x — 1) (7) 

47. Graphic Method.—lIf there is a uniform load on the 
beam and one or more concentrated loads, as in Fig. 16, the 
method of finding the moment diagram and shear line is 
similar to that used in Arts. 43 to 45. In Fig. 16, let 
the length 4 2 of the beam be 15 feet, the uniformly dis- 
tributed load 180 pounds, with two concentrated loads, one 

Pit 37417 


5p Oh om 
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of 24 pounds, 5 feet from A, and the other of 30 pounds, 
11 feet from A. Draw the beam and loads as shown, the 
length of the beam and the distances of the weights from 4 
being drawn to scale. Divide the uniform load into a con- 
venient number of equal parts—say 10 in this case; each 
part will then represent 4° = 18 pounds. Draw 4 OC, as 
usual, and lay off three of the 18-pound subdivisions from O 


downwards; then lay off 24 pounds to represent the first 


weight. Lay off four more of the equal subdivisions, and 
then the 30-pound weight. Finally, lay off the remaining 
three equal subdivisions, the point C being the end of the 
last 18-pound subdivision. OC should then equal 180 + 24 
+ 30 = 234 pounds to the scale to which the weights were 
laid off. It will be noticed that the equal subdivisions of 
the load were laid off on OC until that one was reached on 
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which the concentrated loads rested, and that the concen- 
trated ioads were laid off before the equal subdivision on 
which the concentrated load rested was laid off. Had one of 
the concentrated loads been to the right of the center of 
gravity of the subdivision on which it rests, the weight 
of the subdivision would have been laid off first. Locate 
the centers of gravity of the equal subdivisions and draw 
the verticals through them as in the previous case. Choose 
a pole /, draw the rays, the diagram of bending moments, 
and the shear axis J/7q, as previously described. To find the 
maximum bending moment, the shear line must be drawn 
and its intersection with the shear axis determined. 

The weight of the uniform load per foot of length is 
782 = 12 pounds. The weight of that part between 4 and 
the center of the 24-pound weight is 12 x 5 = 60 pounds. 
Lay off O21 = 60 pounds and draw 1-2 horizontal, cutting 
the vertical through the center of the 24-pound weight in 2. 
Draw O2 and it will be a part of the shear line. Lay off 
2-8 vertieally downwards, equal to 24 pounds, locating the 
point 3. Lay off O4 equal to 12 x 114 24 = 156 pounds, 
and draw the horizontal 4-5, cutting the vertical through 
the center of the 30-pound weight in 5. Join 3 and 5 by the 
straight line 3-5. Lay off 5-6 vertically downwards equal 
to 30 pounds. Draw the horizontal C WV, intersecting the 
vertical Bg NM in J, ard join 6 and J by the straight line 6 VV. 
The broken line O-2-3—5-6—N is the shear line and cuts the 
shear axis inthe pointy. Drawing the vertical da, through 7, 
it intersects the moment diagram ina and 4; hence, a0 is the 
maximum y. For this case, the maximum bending moment 
is HX y = 3800 X 18.386 = 5,508 inch-pounds. 

It is better, in ordinary practice, to choose the pole P on 
a line perpendicular to OC and at some distance from OC 
easily measured with the scale used to lay off OC. Thus, 
suppose OC to be laid off to a scale of 1 inch = 60 pounds. 
At some convenient point, as 14, on OC, draw a perpen- 
dicular line and choose a point on this line whose distance 
from OC shall be easily measurable, say 32 inches. Then, 
H is known to be exactly 60 X 83 = 210 pounds, and 


ae 
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will not have to be measured when finding the bending 
moment //y. 


48. If the method of constructing the shear and moment 
diagrams for concentrated loads is clearly understood, no 
_ difficulty will be encountered in the preceding operations, 
which may be expressed by the following: 


Rule.—Divide the beam into an even number of parts (the 
greater the better), and the uniform load into half as many. 
Consider the divisions of the load as concentrated loads applied, 
alternately, at the various points of division of the beam (the 
ends included), that is, the first point of division (the support) 
carries no load, the next one does, the following one does not, etc. 
Then proceed as in the ordinary case of concentrated loads. 


OVERHUNG BEAMS AND CANTILEVERS 


49. Overhung Beams.—A beam overhung at one end 
and loaded with concentrated loads is shown in. Fig. 17. 
The principles that have been applied to simple beams can 
be applied to overhung beams, but the directions of forces 
must be kept carefully in mind, so that the positive and 
negative shears and moments may be distinguished. If a 
beam overhangs the left support, the vertical shear will be 
zero at its left end and will have increasing negative values 
up to the left support, where it will change to a large posi- 
tive value that decreases to zero and then increases to a 
large negative value at the right reaction. If the beam 
overhangs the right support, the large negative shear at the 
right support will pass to a large positive shear that will 
decrease to zero to the right of the overhung load. 

As the vertical shear passes from a positive to a negative 
value, that is, has a zero value at more than one point, it is 
necessary to calculate the bending moments for all such 
points, and to compare these results in order to determine the 
maximum bending moment. 

The application of the graphic method does not involve 
any new principles in cases of overhung beams, yet there 
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are points in the construction that should be noted carefully. 
The reactions are very similar to those of a simple beam, 
and the force diagram is practically the same. The shear dia- 
gram and the bending moment diagram will show the differ- 
ences in shear and bending forces. The distinction between 
positive and negative forces and moments should be carefully 


"Seale of forces 12100 1b. 


he Scale of distances 128" 


Be Fre. 17 


kept in mind. Forces acting downwards are negative, and 

moments tending to produce rotation in the direction of the 

hands of a clock are positive; the others are negative. 
EXAMPLE 1.—Find the reactions of the supports, the maximum 


bending moments, and the maximum vertical shear of the beam 
shown in Fig. 17, which has one overhanging end. 


i? 


46 STRENGTH OF MATERIALS §16 


ANALYTIC SOLUTION.—The sum of the reactions is equal to the sum 
of the loads, that is, A, -+ AR. = 40+30+4+ 60+ 50+ 70 = 250 Ib. 
Taking the moments about A, by formula 2, Art. 36, 
_ 40x 4+ 30 x 6% + 60 X 103 + 50 X 14% + 70 X 213 


; = a 
R, 182 = 1723 lb. 
From formula 3, Art. 36, 
40 X 142 + 30 x 12 + 60 x 8+ 50 X 4 — 70 X 23 A 
Dh ae == tly 1b: 


183 

Hence, #,+ 2, = 172% + 774 = 250 1lb., which checks with the 
above result of the sum of the loads. 

The vertical shear is 777 lb. from A, to the point of application of the 
40-lb. load, and 777 — 40 = 377 from this point to the point of appli- 
cation of the 30-lb. load. The shear then reduces to 374+ — 30 = 73 Ib., 
and continues the same to the point of application of the 60-lb. load, 
when it becomes 74+ — 60 = — 52% 1b. Hence, at 10 ft. 8 in. from &,, 
the shear passes from a positive to a negative value; the same is also 
true at the right support, where #, acts. The bending moments at A, 
and the point of application of the 60-lb. load mustjnow be calculated 
and the results compared. The bending moment for the beam at the 
60-lb. load is M7, = (777 X 103 — 40 x 6% — 30 & 4) 12 = 5,234? in.-Ib. 
The bending moment about A, should now be calculated and com- 
pared with 47,. Since the bending moment is the same at #., on 
whichever side the forces are considered, it is simpler to take the one 
force to the right of A,. The bending moment to the right of R&, is 
positive, while that to the left is negative, and, since the moments to 
the left are considered, the bending moment in this case is taken as 
negative, and equal to 17, = — 70 X 23 X 12 = — 2,240 in.-lb. MW, 
having a larger numerical value than /,, it is the maximum bending 
moment for the beam. 


GRAPHIC SOLUTION.—Draw O C and the force diagram in the usual 
manner. Construct the bottom curve of the moment diagram in the 
same manner as in the preceding cases. The side de is parallel to P4; 
eh is parallel to PC and.cuts the vertical through the right reaction 
in k. Join # and g by the straight line ¢#, and draw PJ parallel 
to gk. Then, O47 =77 1b. = left reaction, and 47C = 173 Ib. 
= right reaction. The shear line is drawn until the point #, on the 
vertical hn, is reached; &7 here denotes the vertical shear for any 
point between the 50-lb. weight and the right support, and this shear 
is negative. The point & denotes the intersection of the shear axis 
and the vertical through the right support. For any point to the right 
of &, between & and 7, the vertical shear is positive, and is equal 
to 70 1b.; hence, lay off &£g upwards equal to 70 lb., and draw gr hor- 
izontal. The line, O-5-6-7 ...mgqr is the shear line. Measur- 
ing OM,kn, and &g, it is found that OM = 77 lb., kn = — 103 lb., 
and kg = 70 lb.; therefore, 4% = — 103 lb. = maximum vertica} 
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shear; cz is evidently the maximum y; hence, the maximum bending 
moment = Hy = PB xX<ict = 200 * 26 ins. = 5,200 in.-lb. Any 
value of y measured in the polygon gabcdsg is positive, and any 
value measured in the triangle efs is negative. Consequently, the 
bending moment for any point between s and the vertical, through 


367 


eye 8” 
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200 lb. 140\Ib. 
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the center of the 70-lb. weight, is negative, since HxX(-y)=-—Ay. 


In all cases, when designing beams with overhanging ends, the max- 
imum bending moment, whether positive or negative, should be used. 
In the present case, the maximum negative y, or 7, is less than the 


qr9” 
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maximum positive y, or cz; therefore, the maximum negative bending 
moment is also less than the maximum positive moment. 


EXAMPLE 2.—Fig. 18 shows a beam overhanging both supports, 
which carries a uniform load of 15 pounds per foot of length and has 
five concentrated loads at distances from the supports as marked in 
the figure. Find the reactions of the supports, the maximum positive 
and negative bending moments, and the maximum vertical chear. 


ANALYTIC SOLUTION.—The beam here has a uniform load and 
several concentrated loads; hence, a modification of formula 1, 
Art. 46, applies. This gives 

R,+ Rk. = 100 + 120 + 200 + 140 + 100 + 15 & 36 = 1,200 lb. 

Formula 2, Art. 46, also applies. AR. = (— 1003 —6X 15 
x 38+ 120 x 44+ 200 x 9+ 140 x 15 + 100 X 273 + 15 X30 X 15) + 22 

= 8:31 — Gor Ib. 

Using formula 3, Art. 46, RA, = (—100*5$—-—15xk8x4+4+140 
Xx 7+ 200 X 13 + 120 x 173 +100 X 25 + 28 X 15 X 14) + 22 

_ 18,030 
ee 59235 

Hence, 2, + R, = 59233; + 60734 = 1,200 lb., which agrees with the 
results obtained above, The vertical shear has a zero value at both 
supports and at some point between; this last point should be deter- 
mined and the bending moments for the three points calculated. The 
one with the largest numerical value will be the maximum bending 
moment. At the left support, the shear is #, minus the load at the 
left of this support, or 592% — 100 —-6 X 15 = 402 lb. The shear 
should next be calculated under the 120-lb. load. This is 402 — 120 
— 43x 15 = 21433. Next, calculate the vertical shear under the 200-lb. 
load. Without the 200-lb. load it is 21433 — 43 x 15 = 147; lb. With 
the 200-lb. load, it is 1477; — 200 = — 52:8 lb. The bending moment 
at the point of application of the 200-lb. load should now be calcu- 
lated; it is 

M, = (5924; X 9 — 100 X 12 — 120 x 44 — 15 X 15 X 74) 12 
= 22,8385<7 in.-lb. 

As both the moments to the right of #, are greater than the two at 
the left of A,, it will not be necessary to calculate R,. The bending 
moment at &, is M, =(100X53+8 x 15 x 4) 12 = 12,360 in.-lb. 
Comparing J, with J7,, it is seen that J/, is the larger; hence, the 
maximum bending moment is at the point of application of the 
200-lb. load. 


GRAPHIC SOLUTION.—Construct the force diagram and equilibrium 
polygon in the ordinary manner, continuing the latter to 6 and a, 
points on the verticals passing through the ends of the beam. Draw 
bh and ag parallel to PC and PO, respectively, intersecting the ver- 
ticals through the points of support in # and g. Join g and # and 
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draw PB paralel to gh. Then, OB = 588 lb. = R,, and BC 
= 612 lb. = R,. Lhrough &, draw the shear axis mg. To draw the 
shear line, proceed as follows: The shear for any point to the left of 
the left support is negative, arid‘for any point to the right of the right 
support is positive; between the two supports, it is positive or negative, 
according to the manner of loading and the point considered. The 
negative shear at the left support = 15 K 6+ 100 = 190 Ib.; hence, lay 
off Bd downwards equal to 19) lb. For a point at a minute distance 
to the right of ¢, the shear is 15 K 34100 = 145 lb. = e f, and for a 
minute distance to the left, it is 15 * 3 = 45 lb. = e72; at m it is 0. 
Consequently, mifd is the shear line between the end of the beam 
and the left support. Lay off O01 = Bd = 190 lb. and draw the shear 
line 1-2-3-4.. . . mintheusual manner. Draw the shear line 5-6-74g, 
laying off 5 = 15 K$ 4+ 100 = 2201b.; 16 = 100 + 15 XK 24 = 1374 Ib., 
and 6-7 = 100 lb. At gq, the vertical shear is again 0. The broken 
line mifd 1-2-3 ...n 5-6-7 q is the shear line. The maxi- 
mum positive bending moment is Hxy = PuX* sc = 1,000 X 22.5 
= 22,400 in.-ib. The greatest negative maximum moment is 7 K(— y) 
= Pury —th = 1,00 K — 11.6 = — 11,600 in.-lb. It will be noticed 
that there are two negative and one positive maximum bending 
moments. 


It should now be easy to find the bending moment for any 
beam having but two supports, whatever the character of the 
loading. In all cases of loading heretofore discussed, no 
other forces than the loads themselves have been considered. 
Should forces that are not vertical act on the beam, the force 
polygon will be no longer a straight line, but a broken line, 
somewhat similar in character to O-1-2-3-4-5 in Fig. 5. 


50. Cantilevers.—A horizontal beam with one end 
built into a wall, the wall 
being its only support, is 
a cantilever. Such a j 
beam is shown in Y 
Fig. 19. In this case, m4 
the beam A PB is loaded 
with a mixed load—a uniform load of w pounds per foot 
and a concentrated load of /, pounds at a distance of /, feet 
from the wall. There being only one support, the beam will 
have only one reaction R, which will equal the sum of the 
loads, or 
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The wall above the beam at the fixed end holds the beam 
in position; hence it exerts a downward force and produces 
a negative shear at the point of support of the beam. The 
reaction R acting upwards, however, gives a positive shear. 
so that at the point of support of the beam the vertical shear 
passes from negative to positive; that is, it has a zero value. 
This point will, therefore, be the point of maximum bending 
moment, and the formula for J7 is 

M=Fl,+tuwl (2) 


51. Graphic Method for Cantilever.—In Fig. 20 is 
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Scale of forces 15100 1b. 
Scale of distances 123° 
Fie. 20 
shown a cantilever projecting 10 feet from the wall. It 
carries a uniform load of 16 pounds per foot of length, and 
a concentrated load of 40 pounds at a distance of 3} feet 
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from the wall. The maximum bending moment is required. 
The method is similar to that shown in Fig. 18, except that, 
as there is but one support, there can be but one reaction. 
Since the beam is 10 feet’ long, the total weight of the uni- 
form load is 16 x 10 = 160 pounds. Hence, the reaction 
= 160+ 40 = 200 pounds. 

Draw OC equal to 200 pounds to some convenient scale. 
Draw PC perpendicular to OC at Cand choose the pole P 
at a convenient distance from OC. For convenience, divide 
the uniform load into ten equal parts, as shown; then, each 
part will represent 16 pounds. Lay off C1, 1-2, 2-3, each 
equai to 16 pounds, and 3-4 equal to 40 pounds. Also, 
4-5, 5-6, 6-7, etc., equal to 16 pounds each. 3 feet 
3 inches = 34 feet, and 16 x 84 = 52 pounds. Lay off Oa 
= 52 pounds, and draw ad, meeting the vertical through the 
center of the weight in 6. Draw O48; lay off dc equal to 
40 pounds and draw Cu. Odcm is the shear line. The 
perpendicular through the point C coincides with PC; hence, 
n PC is the shear axis. Draw the line gef of the moment 
diagram as in the previous cases. In Fig. 16, and in the 
preceding figures, the line @ was drawn connecting the 
extreme ends of the bottom line; in other words, it joined 
the points where the equilibrium polygon cut the lines of 
direction of the reactions of the supports. This cannot be 
done in this case, because there is no right reaction; there- 
fore, g/ must be drawn by means of some other property of 
the polygon. In the previous cases, the shear axis was 
drawn perpendicular to OC at the point where a line through 
the pole P parallel to gh cut OC, or, in other words, the 
shear axis was drawn through the point which marked the 
end W/ of the left reaction O/7. In the present case, 
Fig. 20, the point C is the end of the left reaction; hence, fh 
is drawn parallel to PC, hg is the maximum y, and the 
bending moment = Hy = PCX hg = 90 X 124 = 11,160 
inch-pounds. 

It will also be noticed that the distance y = Ag is measured 
from the line £f upwards, while, for all points between 
the supports in the previous examples, this distance was 


ad 
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measured downwards. The same observation is true for any 
point between / and f; hence, for a cantilever, all bending 
moments are negative. 


EXAMPLES FOR PRACTICE 


1. A simple beam 24 feet long carries four concentrated loads of 
160, 180, 240, and 120 pounds at distances from the left support of 
4, 10, 16, and 21 feet, respectively. (a) What are the values of the 
reactions? (6) What isthe maximum bending moment in inch-pounds? 

Ane Aes ie Ooo 5 IDs ee BOs Ate 
‘\ (6) 28,480 in.-lb. 


2. A simple beam carries a uniform load of 40 pounds per foot, and 
supports two concentrated loads of 500 and 400 pounds at distances 
from the left support of 5 and 12 feet, respectively; the length of the 
beam is 18 feet. What are: (a) the reactions? (6) the maximum 
bending moment in inch-pounds? 

Ans.{ {3 Ga) ua Sb4s Ibe acse— bbe 1D. 
6) 48,84434 in.-lb. 

8. Acantilever projects 10 feet from a wall and carries a uniform 
load of 60 pounds per foot; it also supports three concentrated loads 
of 100, 300, and 500 pounds at distances from the wall of 2, 5, and 9 
feet, respectively. Required: (a) the maximum vertical shear; (6) the 
maximum bending moment in inch-pounds. oe 11s — 1,500 Ib. 

(6) 110,400 in.-Ib. 

4. A beam that overhangs one support sustains six concentrated 
loads of 160 pounds each at distances from the left support of 4 feet 
9 inches, 7 feet, 9 feet 6 inches, 12 feet, 15 ieet, and 18 feet 3 inches, 
respectively, the distance between the supports being 16 feet. What 
are: (a) the reactions? (6) the maximum bending moment? 

OeK— 290 Ibe = : 
Ans.{ {3} aso ven a 

5. A beam that overhangs both supports equally carries a uniform 
load of 80 pounds per foot, and has a load of 1,000 pounds in the 
middle, the length of the beam being 15 feet, and the distance between 
the supports 8 feet. What is: (a) the vertical shear? (6) the maxi- 


mtm bending moment? Au {13} 820 lb. 
(6) 25,800 in.-lb. 


STRENGTH OF MATERIALS 


(PART 2) 
BEAMS 


STRENGTH OF BEAMS 


1. Beams of various kinds were defined in Strength of 
Materials, Part 1, and the external forces acting on them were 
considered. When a beam is acted on by external forces it 
is deformed, thus bringing into action internal forces or 
stresses that resist the external forces. 

The strength of the beam depends on the stresses that the 
material of which it is composed is capable of exerting. 
These stresses are different for different parts of the cross- 
section of any beam. Formulas for the strength of the beam, 
therefore, take into consideration the maximum stresses. 


2. The Neutral Axis.—In Fig. 1, let 4 B CD represent 
a cantilever. Suppose that a force Facts on it at its extrem- 
ity 4. The beam will then be bent into the shape shown by 
ABCD’. It is evident, 
from the illustration, that 
the upper part 4’ 2 is now 
longer than it was before 
the force was applied; that 
is, 4’ Bis longer than 4 B. 
It is also evident that 
D’'C is shorter than DC. Fie. 1 
Hence, the effect of the force # in bending the beam is to 
lengthen the upper fibers and to shorten the lower ones. In 
other words, when a cantilever is bent through the action of 
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a load, the upper fibers are in tension and the lower fibers 
in compression. The reverse is the case in a simple beam 
in which the upper fibers are in compression and the lower 
fibers in tension. 

Further consideration will show that there must be a 
fiber SS” that is neither lengthened nor shortened when the 
beam is bent, that is, S’.S” equals S.S’”. When the beam is 
straight, the fiber S.S”, which is neither lengthened nor short- 
ened when the beam is bent, is called the neutral line. 
There may be any number of neutral lines dependent only on 
the width of the beam. For, let badc, Fig. 1, be a cross- 
section of the beam. Project Son itins, Make 6s, equal 
as, and draw s,5,; then, any line in the beam that touches s,s. _ 
and is parallel to S.S” is aneutral line. Thus, in Fig. 2, S,.9’, 
19195: 5. Cllr, ate all 
neutral lines. The 
line S,.S, is called the 
neutral axis, and 
the surface 5,5). 5S, 
is called the neutral 
surface. The neutral 
axis, then, is the line 
of intersection of a 
cross-section with the 
neutral surface. It is 
shown in‘works on mechanics that ¢he neutral axis always 
passes through the center of gravity of the cross-section of the beam. 


3. Experimental Law.—I/Vhen a beam zs bent, the hort- 
zontal elongation or compression of any fiber ts directly pro- 
portional to its distance trom the neutral surtace, and, since 
the deformations are directly proportional to the horizontal 
stresses in each fiber, they are also directly proportional to their 
distances trom the neutral surtace, provided that the elastic limit 
zs not exceeded. 


4, External and Internal Forces.—The external 
forces acting on a beam are the loads that the beam sup- 
ports and the reactions of the supports. For nearly all 
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practical cases these forces act vertically; and when they do 
not, they can be resolved into components parallel and perpen- 
dicular to the beam. These forces induce or cause stresses 
of two kinds. One isa shearing stress that is equal to the 
vertical shear on any-section of the beam; the other is a 
bending stress that resists the bending action of the external 
forces. The bending stress is composed of tension stresses 
on one side, and of compression stresses on the other side 
of the neutral axis of the beam. 

As these internal stresses, for any section of a beam, 
are opposite in the upper and lower parts, they produce a 
turning moment about the neutral axis of the section. This 
internal moment, or the moment of the stresses in any sec- 
tion, is called the moment of resistance of the section. From 
the fact that the beam remains in one position, the moment 
of the external forces at any section must equal the moment 
of resistance of the same section. The moment of resistance 
depends directly on the maximum stress of the material. 


5. Theory of Beams.—The generally accepted theory 
of beams may be stated thus: The bending moment at any 
section of a beam ts equal to the maximum fiber stress in that 
section multiplied by the modulus of the section. The modulus 
of the section is dependent entirely on the size and shape of 
the section and not on the material of the beam. This mod- 
ulus will be considered more fully later. 

The theory of beams is based on three important assump- 
tions, which are: (a) that the fibers of a beam do not slide, 
lengthwise of the beam, on one another; (6) that the fiber 
stress is proportional to the distance of the fiber from the 
neutral axis; (c) that the modulus of elasticity is the same 
for both tension and compression. While these assumptions 
may not be strictly true for all cases, yet they are so nearly 
true that formulas based on this theory are sufficiently relia- 
ble for practical use. The value of the theory is that it fur- 
nishes a satisfactory basis for formulas for beams. It also 
has the advantange of making an otherwise complicated 
subject comparatively simple. 
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RESISTANCE TO BENDING 


6. Equation of Moments in Bending.—Suppose the 
beam to be a rectangular prism; then every cross-section 
will be a rectangle, and the neutral 
axis will pass through the center a, 
Fig. 3. Let the perpendicular distance 
from the neutral axis J7 WN to the outer- 
most fiber be denoted by c, and let the 
horizontal unit stress (stress per square 
inch) for bending, at the distance c from 
the axis, be denoted by S;. Ifa is the 

Fic. 3 area of a fiber, the stress on the outer- 
most fibers will be a S;. The stress on a fiber at the distance 
unity (1 inch) from J7 AN is 2:35 and the stress on a fiber at the 


; as, aSs7 : 
distance 7, is °°’ x 7, = a The moment of this stress 
Cc 


Xxn= Set’ a Sig v,7. The 
c 


€ 


about the axis J7M is @ @Sots 


moment of the stress on any other fiber at a distance », from 
MN is evidently Elyse and for a distance 7s, Stay etc. 
c c 


If 2 is the number of fibers, the sum J7 of the moments of 
the horizontal stresses on all the fibers is 


Wie SD wey, Hy ee etc. 
c c c 


= S (ar? +are t+are+...ar7,7) 
cS) 


= RO t+retre +t... wn) 
Now, let ~ be a quantity whose square equals the mean of 
thessquartes Of7757,,- 72, evan el hen, 
oats rrtret... $4, 
n 
and, therefore, 7%’?’+7"°+77+...+7, =27. Substi- 


tuting, we get 17 = nar. 7, But, since a is the area cot one 
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fiber, 2a is the area of all the fibers, that is, the area 4 of 
the cross-section; hence, the sum of the moments of all the 


2 


horizontal stresses is Ss Af. 
G 


J. The expression 47° that is found by dividing a sec- 
tion into a large number of minute areas (a, a, etc.), multi- 
plying each area by the square of its distance from an axis 
(1.7, 72”, 72”, etc.), and then adding the products thus obtained, 
is called the moment of inertia of the section with respect 
to that axis, and is usually denoted by the letter 7. Hence, 

He es HAE 

The quantity whose square is the mean of the squares of 
all the distances of the minute areas from the axis is called 
the radius of gyration. 


8. The sum of the moments of all the horizontal stresses 


S 


may then be written as Soy a Ee OGaS f, this expres- 
G é 


re 
sion is called the moment of resistance, since it is the 
measure of the resistance of the beam to bending (and con- 
sequently to breaking) when loaded. The resisting moment 
must equal the bending moment when the beam is in equilib- 
rium; hence, denoting the bending moment by //, 


m= S,! 
(4 


The term hoe this formula is called the modulus of the 
c 
section. 


9. Table of Ultimate Strength.—The values of 7/andc 
depend wholly on the size and form of the cross-section of 
the beam, and \S, is the ultimate bending strength of the 
material. In Table I, the average ultimate strengths in bend- 
ing, S,, are given for a number of materials. These values 
represent the average results of a large number of experi- 
ments, in which beams of the several materials were so 
loaded that the loads could be accurately found and the 


pending moments // calculated. The values of / and ¢ were 
ILT 374~18 


ie 
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then determined from the measurements of the cross-sections 
of the beams, and the values of S, were calculated by the 
formula in Art. 8. 


TABLE I 
ULTIMATE STRENGTH IN BENDING 


Pounds per Square Inch 


Material S 
Casteinone sy Be etn gee cate ee 30,000 
WWII ME ThONNY 5 5 > b o o a « 45,000 
ROHSXSU IR tac Re yk oem RA ee ate 65,000 
JANo gy 2, hele ale ae es to 8,000 
@oncretewe: aka ek ese ener 700 
SLOT C Meee eee Rees Sik oo ely aes 1,200 
TicmlOCks ye mee. time ae 3,500 
Oalkeawinitess: ie floss Soe ee | 6,000 
PIM WHILOS aces, css aa os 4,000 
PADS WeVie lOMWar | Maca ok ea Ps, 7,000 
SSE OTAEKCESY Ay Get Os are ee ey mae 3,000 
GIVES CMU telloeyeeuee ates eye 4,500 


10. Table of Moments of Inertia.—Exact values of 
the moment of inertia 7 for most cross-sections can only be 
determined by the aid of higher mathematics. The least 
value of 7 occurs when the axis passes through the center of 
gravity of the cross-section, that is, when / is found with 
reference to the neutral axis. The least moments of inertia / 
for a number of sections are given in the table of Moments 
of Inertia at the end of this Section; also, the area 4 of the 
sections and the values of c. The dotted line indicates the 
position of the neutral axis, about which the moment of 
inertia is taken. 

In the table of Moments of Inertia, 4 is the area of the 
section, and z is the ratio of the circumference of a circle to 
its diameter = 3.1416. It will be noticed that d is always 
taken vertically, except in section 3. 
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11. Moment of Inertia of Combined Shapes.—When 
the moment of inertia of simple forms of cross-sections, like 
those shown in the table of Moments of Inertia, is known, 
the moments of inertia of’ any shape composed of these 
shapes may be found. : 

Let 7, = moment of inertia about an axis through center 

of gravity of section; 
J = moment of inertia about any patalles axis; 
A = area of cross-section; 
y = distance between axes of /, and J/. 
Then, l=/,,4+A4r 

This formula may be expressed in words thus: The 
moment of inertia of any area about any axis is equal to its 
moment of inertia about a parallel axis through the center 
of gravity, plus the product of the area and the square of 
the distance between the axes. The sum of the moments 
of inertia of the parts of any figure about a given axis is 
equal to the moment of inertia of the entire figure about 
the same axis. 


I 


EXAMPLE.— What is the moment of inertia of the section of a beam 
shown in Fig. 4, about the horizontal axis a6 through the center of 
gravity? 

SoLuTION.—It is first necessary to find the center of gravity of the 
section. Let the axis a6 pass through the center of gravity at a dis- 
tance of 2 inches from the top line ¢ d. —— PS 4 
The figure can be readily divided into tie ap HM, * 
rectangles, and the center of gravity 
of each rectangle can be found. 
Then, by the principle of moments, 
the moment of the entire section ; 
about cd is equal to the sum of the i y SS; 
moments of the parts about thesame “~~, Aaa 
axis. Lete,f, and g be the rectangles 
into which the section is divided. 


PES 
CY 
Be 


The area of cis 2 X 4 = 8 sq. in., and MMldlddlla.,. 
its center of gravity is 1 in. from ¢d. jp ———— ———. §”__ 
The area of fis 2 X 4 = 8sq. in., and Fic. 4 


its center of gravity is 2+2 = 4in.fromcd. The area of gis 2x8 
= 16sq. in., and its center of gravity is 1+4+2 = 7 in. from cd. 
The area of the entire section ise+ft+g = 8+8+416 = 382 sq. in., 
and its center of gravity is 2 inches from ¢d. ‘Then by the 
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principle of moments stated above, 322 =8& K1+8X 4+16X7,orzx 
8X1+8x4+16X7 
¥ 32 
of the entire figure, find the distance between the axis a6, through 
the center of gravity of the figure, and the center of gravity of each 
part. ‘the center of gravity of e is 44-1 = 3% in. from a6; the 
center of gravity of f is 44 -4 = fin. from a6; and the center of 
gravity of g is 7 — 4$ = 24 in. fom ad. The moment of inertia of a 
rectangle about an axis through its center of gravity is, from the table, 


ba* 
[= 55. 


= 448 in. After locating the center of gravity 


Letting the moments of inertia ofe, f, andgbe Zz, 4, and £., 


respectively, then 7, = Axe mex? ee 2x wen = 103, 


ayael /f; BS * Boe = 53. Letra, 7s, and represent the distances 
of their centers of gravity from ad, and let their moments of inertia 
about a6 be J,/, /,’, and 7. Then J/,/ = 7,+e7,? = 22+8 x 32 
x32 = 1153. ZF) = 4+fr? = 10224+8xXix? = 1). Y= L, 
+er? = 53 +16 X 23 X 2} = 863. The moment of inertia of the 
entire figure, about a6, is the sum of the moments of inertia of 
the parts, or 
L=Tf/+/ +7/ = 1153 + 153 + 863 = 2162. Ans. 


12. Design of Beams.—Taking the formula in Art. 8, 
the bending moment, in inch-pounds, may be found by 
either of the methods described in Strength of Materials, 
Part 1, or calculated by means of the table of Bending 
Moments given at the end of this Section. If it is desired 
to find the size of a beam that will safely resist a given 
bending moment, take S; from Table I, and divide it by the 
proper factor of safety taken from Strength of Materials, 
Part 1. With the factor of safety f introduced into the 
formula of Art. 8, it becomes 


bie Es (1) 


1 : 
From this s = — ‘2) 
Cc Ss 


Substituting the values of 4%, f, and S,, the value of / 
: é 


is found. 
The material of the beam and its shape will usually be 
determined by the conditions under which it is to be used, 
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and the cross-section will probably have the form of some 
one of the sections shown in the table of Moments of Inertia. 
The kind and shape of beam having been decided on, the 


size can be so proportioned that f for the section shall not 
c 


be less than the value calculated above. An example will 
make this clear. 


EXAMPLE.—What should be the size of an ash girder to resist safely 
a bending moment of 16,000 inch-pounds, the cross-section to be rect- 
angular and the load steady? 


SOLUTION.—From formula 2, -_ ag M = 16,000; from Table I, 


‘Seu 
S; = 8,000; from Strength of Materials, Part 1, f = 8; then = on xs 


= 16. From the table of Moments of Inertia, 7 = Oe and¢ = g fora 


12 2 
. LE EOE gtod 
rectangle; hence, ~ = S75 x pane ot 16, or dd’? = 96. Any number 


of values of 6 and d can be found that will satisfy this equation. If 6 
is taken as 6 in., d? = 38 = 16 and d = V16 = 4. Hence, the beam 
may be 6 in. X 4 in., with the short side vertical. When possible, it 
is always better to have the longer side vertical. If 4 is taken as 2 in., 


d? = 48 and d = V48 = 7 in., nearly; hence, a 2” 7” beam will also 
answer the purpose. The advantage of using a 2” X 7” beam instead 
of a 6” X 4” beam is evident, since the 6” x 4” beam contains nearly 
twice as much material.as the 2” x 7” beam. ‘Thus, the area of the 
cross-section of a 6” x 4” beam is 24 sq. in., and of a 2” x 7” beam, 
14 sq. in. Moreover, the 2” <x 7” beam, with its long side vertical, is 
slightly stronger than the 6” x 4” beam, with its short side vertical, 
2 2 
since of = 2 “ ¢ = 16} for the former, and “xe = 16 for the latter. 
C 
If the 6” X 4” beam had its longer side vertical, thus making it a 
4” X 6” beam, 7 would then equal ine = 24, and the safe bending 


moment could be increased to MW = Sol = =O et = 24,000 in.-lb. 


fe 
Ans. 


13. Ultimate Strength.—If the breaking bending 
moment, the form, and the size of cross-section of the 
beam are known, the ultimate strength in bending S; can 
be readily found from the formula in Art. 8 by substituting 
the values of JZ, /, and ¢c, and solving for S:. 


¢ 


ee 


10 STRENGTH OF MATERIALS $17 


EXAMPLE.—A cast-iron bar 2 inches square breaks when the maxi- 
mum bending moment is 63,360 inch-pounds; what is its ultimate 
strength in bending? 


: Mc d - Re ge ie 
SoLtutTion.— M=S, zor She 5 Sse sibel D1 
therefore, S, = oe me 47,520 lb. per sq. in. Ans. 


tz x 2% 


14. Table of Bending Moments.—In order to save 
time in calculating, the bending moments for cases of simple 
loading are given in the table of Bending Moments at the 
end of this Section. W denotes a concentrated load, and w 
the uniform load per inch of length. All dimensions are to 
be taken in inches when using the formulas. 

For any other manner of loading than is described in the 
table of Bending Moments, the maximum bending moment 
may be obtained by finding the point of zero shear and cal- 
culating the bending moment for that point. 


EXAMPLE 1.—A wrought-iron cantilever, 6 feet long, carries a uniform 
load of 50 pounds per inch; the cross-section of the beam is an equi- 
lateral triangle, with the vertex downwards; what should be the length 
of a side? 

2 

SoLuTion.—From the table of Bending Moments, M/ = ve. 


_ 50 x (6 X 12)? 
2 


3 2 
= 129,600 in.-lb. 7 = ee and ¢ = 3%) from the table 


36 
; 16 Ge 
of Moments of Inertia; hence, ear yes S; = 45,000, from Table I, and 
i 45,000 
f = 4, from Strength of Materials, Part 1. Therefore, 129,600 = 4 
6a? 129,600 x 4 x 24 Fé : : 
x 4? OF 6a = a ms = 276.48. Since an equilateral tri- 


angle has been specified, 6 cannot be given any convenient value in 
order to find d. For an equilateral triangle, d = 6 sin 60° = .866 d. 
Hence, 6d? = 6 (.866 4)? = .75 6°. Therefore, 6d? = .75 6° = 276.48, 


3 [276.48 1 
6= 1 = log 6= 3 (log 276.48 — log .75) = .85553, or 6 = 7.17 in., 
nearly. Ans. 
EXAMPLE 2.—What weight will be required to break a round steel 


bar 4 inches in diameter, 16 feet long, fixed at both ends and loaded 
in the middle? 
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SoLuTion.—Use the formula in Art. 8, / = ze Here, from the 
table of Bending Moments, YW = Las and from Table I, S, = 65,000; 
Ws oS gama* xd’ rieate Le WX (16 X 12) _ 65,000 x 3.1416 x 4° 
c SO = Bae 48 Ste 8 "ty 32 ; 


65,000 X 3.1416 x 64 X 8 


AE 16 X 12 x 32 


= 17,017 lb. Ans. 


DEFLECTION OF BEAMS 


15. Formula for Deflection.—The deflection, or 
amount of bending, produced in a beam by one or more 
loads is given by certain general formulas, whose derivations 
are too complicated to be given here. The formulas, how- 
ever, will be given and their uses illustrated by examples. 

In the third column of the table of Bending Moments are 
given expressions for the value of the greatest deflection of 
a beam when loaded as shown in the first column. From 
this, it is seen that the deflection s equals a constant (depend- 
ing on the manner of loading the beam and on the condition 


of the ends—whether fixed or free), multiplied by oe 
Let a = a constant, the value of which varies from zz 
to 3; 
s = deflection; 


/ = modulus of elasticity taken from Strength of 
Materials, Part 1; 
Z = length, in inches; 
W = concentrated load, in pounds; 
W’ = total uniform load, in pounds; 
7 = moment of inertia about neutral axis. 
WTI 
Then, a EI 
It will be noticed that the deflection is given for only nine 
cases; for any other manner of loading a beam than those 
here given, it is necessary to use higher mathematics to 
obtain the deflection. 


EXAMPLE.—What will be the maximum deflection of a simple 
wooden beam 9 feet long, whose cross-section is an ellipse having 


¢ 


rtd 
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axes of 6 inches and 4 inches (short axis vertical), under a concen- 
trated load of 1,000 pounds applied at the middle? 


SoLuTIoN.—Use the formula s = @ a. From the table of 


Bending Moments, a = 7%; W= 1,000 lb.; 7=9X 12 = 108 in; 
WOU nee See 
Fi =1.500, 000; ands = Sa 64 . Hence, 
1,000 « 108° x 64 


™ 48 X 1,500,000 X z X 6 X 64 


= 9282 in. Ans; 


Ss 


16. Stiffness of Beams.—The principal use of the 
formula for deflection is to determine the stiffness of 
a beam or shaft. In designing machinery, it frequently 
occurs that a piece may be strong enough to sustain 
the load with perfect safety, but the deflection may be more 
than circumstances will permit; in this case, the piece must 
be made larger than is really necessary for mere strength. 
An example of this occurs in the case of locomotive guides, 
and the upper guides of a steam engine when the engine runs 
under. It is obvious that they must be very stiff. In such 
cases it is usual to allow a certain deflection, and then pro- 
portion the piece so that the deflection shall not exceed the 
amount decided on. 

EXAMPLE.—The guides of a certain locomotive are to be made of 
cast iron, 38 inches long between the points of support, and of rectangular 
cross-section; the breadth must not exceed 2} inches, nor the deflec- 
tion gio inch. Regarding the guides as fixed at both ends: (a) what 


must be their depth to resist a load of 10,000 pounds at the middle? 
(6) What weight will these guides be able to support with safety? 


SoLution.—(a) Since the load comes on two guides, each piece 
must support 10,000 + 2 = 5,000 lb. In the formula, s = z> 


= an @ = 73 for this case, W = 5,000, Z = 38, E = 15,000,000, 
Leper bas Cae Was et wees 
and J Cees Ceara: ad*, Substituting, 


5,000 < 38° X 16 1 


~ 192 X 15,000,000 X 3° ~ 400 

are «fot x 88° X 16 X 400 
192 < 15,000,000 x 3 

(6) To find the weight that these guides can support with safety, 


use formula 1, Art. 12, = mee in which 47 = ee S; = 30,000, 


re 


S 


= 5.88, nearly, say 5fin. Ans. 
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6 6 512 
30,000 x 6,627 x 8 
= 5,32 
15 32512 38 5,326 lb. Ans. 
Hence, the beam is over 6 per cent. stronger than necessary, the 
extra depth being required for stiffness. 


2 1 4\2 
f ER ra 20 (4) 8087 Substituting, 


= 


EXAMPLES FOR PRACTICE 


1. How much will a simple wooden beam 16 feet long, 2 inches 
wide, and 4 inches deep deflect under a load in the middle of 
120 pounds? Ans. 1.106 in. 


2. What should be the size of a rectangular yellow-pine girder 
20 feet long to sustain a uniformly distributed load of 1,800 pounds? 
Assume a factor of safety for a varying stress, and make 6 = 3d. 

Jabiatsys (vybals p< 8) Thay. 


38. A hollow cylindrical beam, fixed at both ends, has diameters of 

8 inches and 10 inches. The beam is 30 feet long and is made of 

cast iron. (a) What steady load will it safely support at 15 feet from 

one of the supports? (4) What force will be required to rupture the 
beam if applied at this point? Ane ne 6,440.3 lb. 

"| (6) 38,641.7 lb. 

4. A simple cylindrical wrought-iron beam, resting on supports 

24 feet apart, sustains three concentrated loads of 350 pounds each, at 

distances from one of the supports of 5, 12, and 19 feet; what should 

be the diameter of the beam to withstand shocks safely? 
Ans. 4.71 in., say 42 in. 


5. Find the value of * tor a hollow rectangle whose outside dimen- 


sions are 10 inches and 13 inches, and inside dimensions are 8 inches 

and 10 inches: (a) when the long side is vertical; (6) when the short 

side is vertical. (a) 179.103 
Ans.{ (5) 1314 

6. What is the deflection of a steel bar 1 inch square and 6 feet 

long, which supports a load of 100 pounds atthe center? Ans. .3l1lin. 


7. Which will be the stronger, a beam whose cross-section is an 
equilateral triangle, one side measuring 15 inches, or one whose cross- 
section is a square, ore side measuring 9 inches? Both beams are of 
the same length. Ans. The one having the square cross-section 


8. A wooden beam of rectangular cross-section sustains a uniform 
load of 50 pounds per foot. If the beam is 8 in. X 14 in. X 16 ft., how 
much more will it deflect when the short side is vertical than when the 
long side is vertical? Ans. .0554 in, 
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COMPARISON OF STRENGTH AND STIFFNESS 
OF BEAMS 


17. Comparative Strength of Beams.—Consider two 
rectangular beams, loaded in the same manner, having the 
same lengths and bending moments but different breadths 
and depths. Then, 


Ma Sas eT 
iE 6 


and M=S, ae (2) 

(2) M _ 6S,b6d* _ 6 d® 
1 Ns oY a Fe Bale 

bd’? = bd," (3) 

Equation (8) shows that, if both beams have the same depth, 
their strengths will vary directly as their breadths; that is, if 
the breadths are increased 2, 3, 4, etc. times, their strengths 
will also be increased 2, 3, 4, etc. times. It also shows that if 
the breadths are the same and the depths are increased, the 
strengths will vary as the square of the depth; that is, if the 
depths are increased 2, 3, 4, etc. times, the strengths will be 
increased 4, 9, 16, etc. times. Hence, it is always best, when 
possible, to have the long side of a beam vertical. 

If the bending moments are the same, but the weights and 
lengths are different, 

M=eWi (4) 
and Meas Wei, (5) 
when g denotes the fraction 3, 4, etc., according to the 
manner in which the ends are secured, and the manner of 
: iets M_gWil 
loading. Dividing (4) by (5), [= 3 Wal, or 
Wl= WI, (6) 

Equation (6) shows that if the load W or W, be increased, 
the length 7 or 7, must be decreased; consequently, the 
strength of a beam loaded with a given weight varies 
inversely as its length; that is, if the load be increased 
2, 3, 4, etc. times, the length must be shortened 2, 3, 4, etc. 
times, the breadth and depth remaining the same. 


Dividing (1) by = l,or 
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EXAMPLE 1.—If a simple beam, loaded in the middle, has its 
breadth and depth reduced one-half, what proportion of the original 
load can it carry? 


SoLutTion.—It has beén shown that the strength varied es the 
product of the breadth and the square of the depth, or 6,d,? = 4 
< (3)? = %. Consequently, the beam can support only one-eighth of 
the original load. Had the breadth remained the same, (3)? = } 
of the original load could have been supported. Had the depth 
remained the same, one-half of the original load could have been 
supported. .Ans. 


EXAMPLE 2.—A beam 10 feet long, loaded in the middle, has a 
breadth of 4 inches and a depth of 6 inches. The length is increased 
to 12 feet, the breadth to 6 inches, and the depth to 8 inches; how 
many times the original load can it now support? 


SoLurion.—The strength varies directly as the product of the breadth 


and the square of the depth, and inversely as the length, or as oe 


If 4,d, and 7 denote the original sizes, the strength of the two beams 


i b,da° | ba GOB se EK Oe C85 
will be to each other as —— » or as Ja: 10 12 


Ce” aT: 


Ne ay ; 
10 14.4. i44 23. Consequently, the beam will support 


a load 2§ times as great as the original beam. Ans. 


18. Comparative Stiffness of Beams.—By a process 
of reasoning similar to that just employed, it can be shown 
that the maximum deflection of a beam varies inversely as 
the cube of the depth and directly as the cube of the length. 
In other words, if the depth be increased 2, 3, 4, etc. times, 
the deflection will be decreased 8, 27, 64, etc. times; and if the 
length be increased 2, 8, 4, etc. times, the deflection will be 
increased 8, 27, 64, etc. times. Hence, if a beam is required 
to be very stiff, the length should be made as short and the 
depth as great as circumstances will permit. 
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COLUMNS 


19. Compression in Columns.—When a piece ten or 
more times as long as its least diameter or side (in general, 
its least transverse dimension) is subjected to compression, 
it is called a column or pillar. The ordinary rules for 
compression do not apply to columns, for the reason that 
when a long piece is loaded beyond a certain amount, it 
buckles and tends to fail by bending. This combination of 
bending and compression causes the column to break under 
a load considerably less than that required to crush the mate- 
rial. It is likewise evident that the strength of a column is 
principally dependent on its diameter, since that part having 
the least thickness is the part that buckles or bends. A 
column free to turn in any direction, having a cross-section of 
3 in. X 8 in. is not nearly so strong as one whose cross-section 
is 4in. xX 6in. The strength of a very long column varies, 
practically, inversely as the square of the length, the other 
dimensions remaining the same; that is, if column @ is 


YY y yyy, twice as long as column a, the 
To ss strength of 6 is (4)? = + the 

strength of a, the cross-sections 
being equal. 

20. Ends of Columns. 
The condition of the ends of a 
column plays a very important 
part in determining the strength 
of the column, and should always 
. be taken into consideration. In 


Y _ Fig. 5 are shown three classes of 
Vi __ columns. The column a is used 


Fie.5 4 in architecture, while columns 

similar to 6 andc are used in bridge and machine construction. 
According to theory, which is confirmed by experiment, a 
column having one end flat and the other rounded, like 4, is 
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2¢ times as strong as a column having both ends rounded, 
likec. One having both ends flat, like a, is 4 times as strong 
as c, which has both ends rounded, the three columns being 
of the same length. -If the length of ¢ be taken as 1, the 
length of 6 may be 12, and that of a may be 2 for equal 
strength, the cross-sections all being the same; for, since the 
strengths vary inversely as the squares of the lengths, the 


strength of c is to that of 6as1: ane Or AswieG. tlt 
since dis 24 = } times as strong asc, $ Xt = 1; or, the length 
of 6 being 12 times that of c, its strength is the same. Simi- 
larly, when a is twice as long as «, its strength is the same. 

Columns like 6 andc¢ do not actually occur in practice, an 
eye being formed at the end of the column and a pin inserted, 
forming what may be termed a Aznged end. A steam-engine 
connecting-rod is a good example of a column having two 
hinged ends, and a piston rod of a column having one end 
hinged and one end flat. 


21. Rankine’s Formula for Columns.—There are 
numerous formulas for calculating the strengths of columns, 
but the one that gives the most satisfactory results for 
columns of all lengths is the following, which is known as 
Rankine’s formula: 


gee Saale 
a) 
gl 
In this formula, 
W = load; 
Ss. ultimate strength for compression, taken from Strength 
of Materials, Part 1; 

area of section of column, in square inches; 

f = factor of safety; 

7? = length of column, in inches; 

g = aconstant, to be taken from Table IJ; 

7 = least moment of inertia of the cross-section, that is, 
the moment of inertia about an axis passing through 
the center of gravity of the cross-section and parallel 
to the longest side. 


I 


A 


I 


(ue. 
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If the column has a rectangular cross-section, whose 
longer side is 46 and shorter side d, the least moment of 


inertia is oe the axis in this case being parallel to the 
long side 4. The values of g are given in Table II. 


TABLE II 
VALUES OF CONSTANT g FOR COLUMNS 


Material Both Ends One End Both Ends 
Fixed Hinged Hinged 
esimIDeTzeee a ae ee 3,000 1,690 750 
@asthinon sees, st) os 5,000 2,810 1,250 
WARGO THON. Gb wg 8c 36,000 20,250 9,000 
Steelsemee a 5 oe eta |e 1255000 14,060 6,250 


EXAMPLE.—The section of a hollow, rectangular, cast-iron column 
has the following dimensions: d = 8 inches, d, = 6 inches, 6 = 6 inches, 
and 6, = 83 inches. If the length is 10 feet and the ends are fixed, 
what steady load will the column sustain with safety? 


SoLuTION.—From the table of Moments of Inertia, least I = 

3 ee 53 
ts (d 6° — d, 6,°) = 2 os = 122.5625. A=6d —b,d,=6.<68 
— 3.5 X6=27sq.in. From Strength of Materials, Part 1, S. = 90,000 


and f = 6, 2 = 10 X 12 = 120 in., and g = 5,000. Therefore, 


= 90,000 x 27 2,430,000, 
ies ail se aes ) = 9 906 = 247,800 Ib., nearly. Ans. 
5,000 X 122.5625 


Had the column been less than 10 X6 = 60 in. = 5 ft. long, 


a5 
the safe load would have been sea = 405,000 lb. Had it 
been twice as long, it would have supported a safe load of only 
DO ue = 114.500 Ibe, nearly, 
6 (1 4 27 X 240? 
5,000 X 122.5625 


22. Euler’s Formula for Columns.—Another formula, 
known as Euler’s formula, gives very satisfactory results 
for long columns, but, generally, it should not be used where 
the length is not at least thirty times the diameter or width 
of the column. It is, however, often used for calculating 
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the strength of connecting-rods for steam engines. The 
formula is 


z i 
in which W = load in pounds; 
C = aconstant, 1 for both ends round or pinned, 
2¢ for one end fixed and one round, and 
4 for both ends fixed; 
mz” = 9.8696 (for approximate value use 10); 
/ = modulus of elasticity; 
Z = least moment of inertia; 
Z = length of column, in inches; 
f = factor of-safety. 

It has been found by extensive investigation that Euler’s 
formula gives results for connecting-rods that agree very 
closely with the best American practice. This formula will 
therefore be used for calculating the dimensions of connect- 
ing-rods in the examples given later. Since both ends of a 
connecting-rod are hinged, the value of C in the formula 
should be taken as 1 for such cases. For all other columns 
in which the length is less than thirty times the least width, 
the formula in Art. 21 will be used. 


EXaMPpLE.—What thrust can be transmitted by a wrought-iron con- 


necting-rod 6 feet long, and of rectangular cross-section 24 in. X 4 in.? 
SoLurion.—Apply the formula W = cts C= 1; x* = 10; 
from Strength of Materials, Part 1, © = 25,000,000; from the table of 


5 2h 4x4x4 
Moments of Inertia, 7 = a ees 3 sens 12; from Strength of 


Materials, Part 1, f= 10; 2 = (6 X 12)? = 5,184. Therefore, 


10 X 25,00C,000 x 12 _ - 
Va— 10 x 5,184 = 57,870 lb., nearly. Ans. 


23. Designing Columns.—lIn the actual designing of 
a column, the size of the cross-section is not known, but the 
form (square, round, etc.) is known, also the length, mate- 
rial, condition of ends, and load it is to carry. To find the 
size of the cross-section, take the formula 
P= AS 


. 


ie 
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from Strength of Materials, Part 1, 

where /P = total load in pounds; 
A area of cross-section, in square inches; 
S = unit stress, in pounds per square inch. 


I 


Then substitute S: in the formula for S, and solve for A, 


obtaining d = a Substituting, in this equation, the values 


c 


of P(= W), f, and S., this gives the value of A for a short 
piece less than ten times the length of the shortest side, or 
diameter. Assume a value of 4 somewhat larger than that 
just found, and dimension a cross-section of the form chosen 
so that its area shall equal that assumed. Calculate the 
moment of inertia and substitute the values of W,A,/,/, 


and g in the formula in Art. 21, and solve for Ss If the 


result last found equals the value of *: taken from Strength 


of Materials, Part 1, the assumed dimensions are correct; if 
larger, the assumed dimensions must be increased; if smaller, 


they should be diminished; in both cases, the value of 2 


should be recalculated. An example will serve to illustrate 
the process. 
EXAMPLE.— What should be the diameter of a steel piston rod 5 feet 


long, the diameter of the piston being 18 inches and the greatest 
pressure 130 pounds per square inch? 


SoLutTion.— S, for this case = 65,000 lb. Since the piston rod is 
liable to shocks, a factor of safety of 15 should be used; hence, 


Spe lian 4,3333 lb. Theload W = 18? X .7854 X 130 = 33,081 lb. 


f om 

Pf _ 33,081 ; eg a 
Al San age 7.63 sq. in., nearly. Assume that 8 sq. in. is 
needed. The diameter of a circle corresponding to an area of 8 sq. in. 


; 8 : , : 
is “7954 = 3.19 in. Assume the diameter to be 3} in.; the area will 


be (34)? X .7854 = 8.3 sq. in. 
- cy ' 1L)ja 
je RE EO ESS ae 


64 ) Ss 3 
64 (ine) 
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Consequently, 
Sree Zale 2 8.3 X (5 X 12) 
eo mB (1+ + 7) = (1 1+ 14,060 X 5.48 TT Bay) = 5,032 lb., nearly. 
As a dine Ase ji 3333 lb., the diameter of the rod must be 
increased. Trying 32 in. as ‘the dietierer the area = 9.62 sq. in: 


ye . S- _ 33,081 9.62 X 60? es ie. 
=e SOORaAnG ¥ = 969 (1 + 14,060 x rae) = 4,588 lb., which is 


still greater than 4,3333 lb. Trying 3% in. as the diameter, the area is 
10.32 sq. in. and 7 = 8.476. Substituting these values, as before, 
S;, _ 33,081 LOLS ZE OO nie \ ne 
a3 w- 10332 ( 14,060 x saz) pha 
Hence, a rod 33 in. in diameter is sufficient. Ans. 


24. The method given in Art. 28 for determining the 
dimensions of the cross-section, when the load and length 
are given, is perfectly general, and may therefore be used in 
every case. It is, however, somewhat long and cumber- 
some. For the special cases of square, circular, and rect- 
angular columns, the following formulas may be applied, if 
preferred. They seem complicated, but, when substitutions 
are made for the quantities given, the formulas will be found 
of relatively easy application. 

For square columns, the side c of the square is given by 
the formula 


Wt HCERVWCiO? Vane, 

cre eee aS (1) 
For circular columns, the diameter d of the circle is given 

by the formula 

rae 5 Nee ee rea (2) 
For rectangular columns, assume the shorter dimension 

(depth = d). Then the longer dimension (breadth = 4) is 


given by the formula 
we (1 : : ) 
ee (3) 
aise 

Should the dimensions given by the last formula be too 
much out of proportion, a new value may be assumed for d, 
and a new value found for 4. 

ULT 374-19 
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EXAMPLE 1,—Required, the section of a square timber pillar to 
stand a steady load of 20 tons, the length of the column being 30 feet, 


and its ends both flat. 
SoLurion.—Here SS; = 8,000 lb., f = 8, g = 3,000, W = 40,000 lb., 
Z = 30 X 12 = 360 in. These values, substituted in formula 1, give 


: 4 {0,000 x8 oe x8 (ae x8, 2X _ 
2x 8,000 * 8,000 \4x8,000 * 3,000 


= 20 +4140 (10 ae ae) 


= V20 + V21,136 = v20 + 145.38 
= ¥165.38 = 12.90 = 122 in., nearly, or say 13 in. Ans. 


EXAMPLE 2,—Let it be required to solve the problem worked out by 
the general method in Art. 23. 
SoLtutTion.—Here S, = 65,000 lb., f= 15, 2 = 14,060, W = 33,000 lb., 
nearly, and 7 = 5X 12 = 60 in. From these data, 
31838 Wf _ .3183 X 33,000 x 15 


a = 2.494 
Ss: 65,000 
167? 16X60? 8X 360 _ 
ee anIA O60, eae 


Then, by formula 2, 


d = 1.4142 V2.424 + V2.424 X 6.5207 
1.4142 V2.424 + 3.976 = 1.4142 6.400 

= 1.4142 x 2.53 = 3.58 in., or about 38 in. 
as found by the general or trial method. Ans. 


EXAMPLES FOR PRACTICE 


1. What safe steady load will a hollow, cylindrical, cast-iron col- 
umn support, which is 14 feet long, outside diameter 10 inches, inside 
diameter 8 inches and has flat ends? Ans. 273,500 lb., nearly 


2. Suppose a wrought-iron connecting-rod to be of rectangular 
cross-section twice as long as wide and of uniform size throughout its 
length. If the diameter of the steam cylinder is 40 inches, steam pres- 
sure 110 pounds per square inch, and the length of the rod is 123 feet, 
what should be the dimensions of the cross-section of the rod? 

Ans, 3$ in. X 7} in., nearly 
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TORSION AND SHAFTS 


25. Effect of Twisting.—When a force is applied to a 
beam in such a manner that it tends to twist it, the stress 
thus produced is termed torsion. In Fig. 6, dc represents 
a beam fixed at one end; a load W applied at the end of a 
lever arm oz twists the beam. If a straight line ¢ 4 is drawn 
parallel to the axis before the load is applied, it will be 
found, after the weight W has been hung from x, that the 
line c 6 will take a position ca, forming a helix. If the load 
does not deform the material beyond its elastic limit, ca 
will return to its original position cd when W is removed. 
It will also be found 
that the angles acé 
and aod are directly 
proportional to the 
loads. 

Torsion manifests 
itself in the case of | 
rotating shafts. In- 
stead of one end Fic. 6 
being fixed, as in the previous case, the resistance that the 
shaft has to overcome takes the place of the force that before 
was necessary for fixing one end. Should the shaft be too 
small, the resistance will overcome the strength of the 
material and rupture it. 

The angle ao, which may be called the angle of twist, 
plays an important part in the designing of shafts. 


26. Twisting Moment and Moment of Resistance. 
If the line of action of a force passes through the axis of a 
shaft, the shaft is subjected to bending; but if the line of 
action passes to one side of the axis the shaft is subjected 
to twisting. The product of the turning force and the per- 
pendicular distance from the axis of the shaft to the line of 
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action of the force is called the twisting moment. The 
material of the shaft resists the twisting, and this resisting 
force has a moment about the axis of the shaft, known as 
the moment of resistance. When the positions of the fibers 
of a shaft subjected to twisting do not change in relation to 
one another, the moment of resistance is equal to the twist- 
ingmoment. For, if they are not equal, the twisting moment 
will continue to twist the shaft, changing the relative posi- 
- tions of the fibers, and will finally cause rupture of the shaft. 

In Fig. 7, let @ represent a pin that prevents the two 
adjacent parts 6,d of a shaft from turning independently of 
each other. Let the distance of the pin from the axis vo of 
the shaft be c, and let the force P, at the distance x from oa, 
tend to turn the shaft about its axis. It is evident that 


Fic. 7 


when the end 6 of the shaft is acted on by the force P, and 
the end d is prevented from turning, that the pin a@ is in 
shear. 

The unit shearing stress is S,, and S,a@ is the total shearing 
stress of the pin if a represents its area. The twisting 
moment 7 of the force P about the axis is 7 = Py, and the 
moment of the shearing resistance is S,ac about the same 
center. These two moments must be equal, or 7 = Pr 
= S,ac. If there is a second pin with area a, at a distance ¢c, 
from oo, and with a shearing stress S,’, the external moment 
must equal the sum of the moments of shear in both pins, or 


$f = 9. @6-+ SY art, (a) 


But the unit stresses in the pins are proportional to their 
distances from o, provided that the stress is not greater 
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than the elastic limit; hence, Si! = =, or SS = Sees, Sub- 
stituting this value of Sin canes 1, it becomes T SNE 
4 eG of Pa 
(a 
T= Sad 4 Sages (2) 


Now, if ¢ is the distance from o of a pin at the circum- 
ference of the shaft, and if the number of pins be increased 
until they cover the entire area of the shaft, or if the area 
of any cross-section of the shaft be considered as divided 
into very small areas, the resistance of the entire section is 
the sum of the resistances of all these very small areas, and 


it may be expressed thus: 7 = 22@& 4 Ss@ Gr 4 Ssaacs' 
c 
+ Sis 6 + etc., or 
Ss 2 2 2 2 
T= “(ae Paes +@.6. +s 6s + etc.) (3) 


Now, the sum of the products of all these very small 
areas, multiplied by the squares of their distances from the 
axis, is called the polar moment of inertia, which is 
represented by J. 

Then formula 38 becomes 


peeps (4) 
Cc 
and if divided by f, the factor of safety, it becomes 
T= Set (5) 
LG 
It will be noticed that this formula resembles closely the 
formula 17 = Sf for bending, given in Art. 12, the only 
c 


difference being that S, is used instead of S;, and the polar 
moment of inertia J instead of the rectangular moment of 
inertia 7. While formula 5 is strictly true for shafts of cir- 
cular sections only, it is approximately true for other shafts, 
and may be applied to square, rectangular, and elliptical 


que”. 
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shafts when the factor of safety is so large that exact results 
are not extremely important. 


27. Polar Moment of Inertia.—Let Fig. 8 represent a 
section of a body and a the area of any very small part of the 
section at a distance y from the 
axis XX and a distance x from 
the axis Y Y. The axes XX and 
YY pass through the center of 
gravity of the section at right 
angles to each other. The moment 
of inertia of a about XX is ay’, and 
that about the axis YY is ax’. The 
polar moment of inertia about the 

Fic. 8 center of (ofavity .o 1s a7. But 
x+y =r. Multiplying both sides of this equation by a 
gives ax’+ay’ = ar’. This is true for all points, hence 
it is true for the whole section. Calling 7, and J, the 
moments of inertia of the section about 
axes at right angles to each other, 
Bie) BRE. 

That is, the polar moment of inertia is 
equal to the sum of the rectangular 
moments of inertia about two axes at 
right angles to each other. 

The method of determining the polar 
moment of inertia may be illustrated by 
the use of Fig. 9, which is a rectangle . Fic. 9 
with axes XX and Y Y passing through its center of gravity, 
at right angles to each other. The moment of inertia of the 
figure about XX is, from the table of Moments of Inertia, 


oe and about Y FY it is ae . The sum of these two is 
bd” ae. bad \d* +3) 
fo = 
12 12 12 
For a solid square section, J = - 
a he 


For a hollow square section, J = 
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For a solid circular section, J = a 
For a hollow circular section, J = ug) 


EXAMPLE.—What belt pull on a pulley 8 feet in diameter will a steel 
shaft 4 inches in diameter stand with safety when there is liability to 
shocks? 


SoLution.—Apply formula 5, Art. 26, T= ae or, as 7 = Pr, 
eee eS O, WONT Se = Oa seeh bpe = Oia. 
iain 32 
x12 = 48in. Then, 
P= 70,000 X 25.133 = 1,221.7 lb., nearly. Ans. 


15 X 2 X 48 


28. Bending of Shafts.—The foregoing formulas do 
not take into account the bending of the shaft; hence, for 
long shafts carrying bodies, such as pulleys, between sup- 
ports, they should not be used. Where shafts are subjected 
to bending only, they are treated as beams, although they 
may rotate. The formulas and graphic solutions for beams 
apply directly to such cases, but not to cases in which there 
is combined bending and torsion. In the latter case, an 
equivalent twisting moment may be found to take the place 
of the twisting and bending moments. This equivalent 
twisting moment may then be used in formula 5, Art. 26. 

Let M = bending moment for any section; 

T = twisting moment for same section; 
7, = equivalent twisting moment. 

Then, by higher mathematics, the following formula is 

derived: 


T. = M4+NIC+T° (1) 

The twisting moment 7, is sometimes called the ideal 
twisting moment. The bending moment // is obtained 
as explained in Strength of Materials, Part 1, or by the use 
of the formulas in the table of Bending Moments; the twist- 
ing moment 7 is obtained by the method explained in 
Art. 26. 

Formula 5, Art. 26, may be changed to a more convenient 
form for circular shafts, by finding a value for the diameter. 
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Thus, by transforming the formula, “= i Bite ae 


md" 


bee 2 ood. 1: ee: 
substituting, rie sh or 39 x 7 


uatel (2 = ‘. Hence, 


2 
= —=:- from which na =e a. Solving this for @, @ 
ee rs and 
TS 
KE 9072 
= l= 2 
a (2) 


Now, substituting for 7 the equivalent twisting moment 7,, 
4 A Tet (3) 
ON, 


EXAMPLE 1.—A wrought-iron shaft subjected to shocks is required 
to withstand safely a twisting moment of 25,000 inch-pounds; what 


formula 2 becomes 


should be its diameter? 
SoLution.—Using formula 
S; = 50,000, 


2, and making 7 = 25,000, f = 10, and 


eee es BF 000 7 We 0. Of ine ociaay S in) Ane. 


d= N31416 x 50,000 
EXAMPLE 2.—Find the diameter of a steel shaft to withstand safely 
an equivalent twisting moment of 35,000 inch-pounds, using a factor 


of safety of 15. 
SoLutTion.—Using formula 8, and making q == 30,0003) 7)== 16s 


and S; = 70,000, 
oO Ne OS 12s Bian oreny ae is 


7 = N'3 71416 x 70,000 


Ans. 


EXAMPLES FOR PRACTICE 
1. If the bending moment is 24,000 inch-pounds and the twisting 
moment is 15,000 inch-pounds, find the equivalent twisting moment. 
Ans. 52,302 in.-lb., nearly 


2. A cast-iron shaft is subjected to torsion, the twisting moment 
being 8,000 inch-pounds; what should be the diameter, assuming a 
Ans. 3 in., very nearly 


factor of safety of 15? 
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3. Find the diameter of a steel shaft subjected to combined torsion 
and bending, the twisting moment being 16,000 inch-pounds and the 
bending moment 8,000 inch-pounds; take a factor of safety of 7. 

Ans. 23 in. 


4. A wrought-iron shaft is subjected to torsion by a force of 
2,500 pounds acting at a distance of 20 inches from its axis; assuming 
the force to be steadily applied, find the required diameter of the 
shaft. Ans. 23 in., nearly 


ROPES AND CHAINS 


ROPES 


29. Hemp and Manila Ropes.—The strength of hemp 
and manila ropes varies greatly, depending not so much 
on the material and area of cross-section as on the method 
of manufacture and the amount of twisting. Hemp ropes 
are about 25 per cent. to 80 per cent. stronger than manila 
ropes or tarred hempropes. Ropes laid with tar wear better 
than those laid without tar, but their strength and flexibility 
are greatly reduced. For most purposes the following for- 
mula may be used for the safe working load of any of the 
three ropes just mentioned: 

Pe LO0RG= 
in which P= working load, in pounds; 
C = circumference of rope, in inches. 

This formula gives a factor of safety of from 73 for manila 
or tarred hemp rope to about 11 for the best three-strand hemp 
rope. When excessive wear is likely to occur, it is better to 
make the circumference of the rope considerably larger than 
that given by the formula. 


30. Wire Ropes.—Wire rope is made by twisting a 
number of wires (usually nineteen) together into a strand 
and then twisting several strands (usually seven) together 
to form the rope. It is very much stronger than hemp 
rope, and may be much smaller in size to carry the 
same load. 
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For iron-wire rope of seven strands, nineteen wires to the 
strand, the following formula may be used, the letters having 
the same meaning as in the formula in Art. 29: 


P = 600C’ (1) 


Steel-wire ropes should be made of the best quality of 
steel wire; when so made they are superior to the best iron- 
wire ropes. If made from an inferior quality of steel wire, 
the ropes are not as good as the better class of iron-wire 
ropes. When substituting steel for iron ropes, the object in 
view should be to gain an increase of wear rather than to 
reduce the size. The following formula may be used in 
computing the size or working strength of the best steel wire 
rope, seven strands, nineteen wires to the strand: 


P=); 000iCE (2) 
Formulas 1 and 2 are based on a factor of safety of 6. 


81. Long Ropes.—When using ropes for the purpose of 
raising loads to a considerable height, the weight of the rope 
itself must also be considered and added to the load. The 
weight of the rope per running foot, for different sizes, may 
be obtained from the manufacturer’s catalog. 

EXAMPLE 1.—What should be the allowable working load of an iron- 


wire rope whose circumference is 6] inches? Weight of rope not to be 
considered. 


SoLutTion.—Using formula 1, Art. 30, 
2 = 600) < (62)? = 27,3837.5 lb. Ans. 
EXAMPLE 2.—The working load, including weight, of a hemp rope 
is to be 900 pounds; what should be its circumference? 


SOLUTION.—Using the formula in Art. 29, = 
[P 900 5 
C= = = sit Ans; - 

32. Sizes of Ropes.—In measuring ropes, the circum- 
ference is used instead of the diameter, because the ropes 
are not round and the circumference is not equal to 3.1416 
times the diameter. For three strands, the circumference 


is about 2.86d, and for seven strands about 3d, d being 
the diameter. 
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CHAINS 


33. The size of a chain is always specified by giving 
the diameter of the iron from which the link is made. The 
two kinds of chain most gener- 
ally used are the open-link 
chain and the stud-link 
chain. The former is shown 
in Fig. 10 (2) and the latter in 
Fig.10 (4). The stud prevents 
the two sides of a link from 
coming together when under a 
heavy pull, and thus strengthens 
the chain. 

It is a good practice to anneal 
old chains that have become 
brittle by overstraining. This 
renders them less liable to snap 
from sudden jerks. The anneal- 
ing process reduces their tensile strength, but increases their 
toughness and ductility, two qualities that are sometimes 
more important than mere strength. 

Let P = safe load, in pounds; 

d = diameter of link, in inches. 

Then, for open-link chains made from a good quality of 

wrought iron, 


(a) 


Fie. 10 


Fil? :000'a= (1) 
and, for stud-link chains, 
T= 8 000d = (2) 
EXAMPLE 1.—What load will be safely sustained by a $-inch open- 
link chain? 
SoLutrion.—Using formula 1, 
Pe, 000K 2a— 12.000) <a() = —s6),700) lb Ans: 
EXAMPLE 2.—What must be the diameter of a stud-link chain to 


carry a load of 28,125 pounds? 


SoLuTIon.—Use formula 2, P = 18,000 ad’. Hence, 


Sa A CR ae 
om Vis ow 9, Ne te ne: 


STRENGTH OF MATERIALS 


o2 


PLOL 


(."2"9 — .p9)— 


7 wee 
6 |< 
PY p G im 
| o 
eee Ges. 
THEY U, Ze, 
7 “GY Y 
i'w wa C2 
be@-i  k-g— kg 
ret, 
2? 
oP 
WT]... ' 
PQ Z Ge 
Le "7 t 
— 9 — 
, Set. 
Vv SIxy [@1j]neN jo 


WOHIsOd SMoYs oul] pozj30q 


2? Sol suey, % 


‘ mos] jouueYyO 
JO J ‘o[sue 
SURE ASG HOSE * 


arenbs asojoxy ° 


°° [eU0BzIq 
ysnoiy} sixy * 


* aienbs ° 


a[suejeYy * 


WoOT}09¢g Jo MIO 


VILYANI JO SLINAWOW 


33 


id pars Veer es tytg — pg) 
an (P'9 — Pay Weg e tals 
S 
j £9 b 
~ a Pg Ba 
ca 
[S Z #9 ROUT Se 
> ei ('P — »p)x Weekes: 
ca 
Oo é v9 us 
nH Py si vy Py 
= 
2 (4 sd ee) 6 18 CPra — P2)EL ite eee 
(2 p—p] PQ P \(P — P)P Pe — «(PO — PI) 
me 
D 
pe (679 + Pye g4+ Ps 
eS 3 I Vv 
re 


=e 
TS 
eaull 


anil 
pS 4 | 
MS 


era 
| 

\ 
IN 
bo 


a 


i 

[eZ 
mt fae 
2) (DD 2 
Ger wey ae 
Ge 
h—@ 


esdiTq MoT[OH 


esditlg 


* BIT MOTION 


BOI * 


uo] o[suYy * 


* SSOIg 


“6L 


aL 


‘OL 


sixy [e1]nNeN jo 
UOTISOg SMOYS oul] ps}}0q 


uo]}09S Jo WIO 


- 


BENDING MOMENTS AND DEFLECTIONS 


Manner of Supporting 
Beams 


Maximum 
Bending 
Moment, 17 


Wih+ Wels 


2 


is) 


Maximum 
Deflection, s 


SER ei 
384 ET 


Remarks 


Cantilever, load at 
free end 


| Cantilever, more 
than one load 


Cantilever, uniform 
load w 1b. per unit 
of length. W’ 
=wl 

Cantilever, load 
partly uniform, 
partly concen- 
trated 


Simple beam, load 
at middle 


Simple beam, load 
at some other 
point than the 
middle 


Simple beam, uni- 
formly loaded 


One end fixed, other 
end supported, 
load in the middle 


One end fixed, other 
end supported, 
uniformly loaded 


Both ends fixed, 
load in the middle 


Both ends fixed, 
uniformly loaded 


THE TESTING OF MATERIALS 


METHODS AND APPLIANCES 


1. Purpose of Testing Materials.—In designinz 
machinery, it is essential that the designer shall be familiar 
with the physical properties of the materials used, in order 
that he may be able to give the various parts the proportions 
and strengths necessary to enable them to withstand the 
forces to which they will be subjected. In ordinary machine 
construction, the materials most generally used are cast iron, 
wrought iron, and steel. In order to learn what are the 
properties and characteristics of these, as well as other 
metals, when under load, the simplest way is to study 
their action under test. Many manufacturing establishments 
maintain testing departments in which are tested the various 
materials used. In this way, information as to the strength, 
elasticity, ductility, etc. of a material is readily obtained, and 
thus it is known just what load can safely be carried by each 
part of a machine. 


2. Kinds of Tests.—The stresses to which the parts of 
a machine are most commonly subjected are those producing 
tension, compression, and flexure. Consequently, the greater 
number of tests are made to determine the strengths of 
materials subjected to these stresses. In some machines, 
the parts are subjected to torsion and shearing, but these 
are usually of less importance than the others, so that tests 
for strength in torsion and in shearing are less frequently 
made. 
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TEST PIECES 


8. Selection of Test Pieces.—In making a physical 
test of a material, a bar of that material is taken and sub- 
jected to the kind of stress under which its strength is desired 
to be known. The bar thus taken is known as a test piece 
or test specimen. This piece should be selected with care 
in order that it may represent the average quality of the 
material of which it is a specimen. It is not uncommon to 
find variations of quality in the same piece of material, as, 
for example, in a boiler plate. It is unwise, therefore, to 
depend on the results obtained from the testing of a single 
specimen; a number of tests should be made and the average 
of the results taken. This will give a more nearly correct 
idea of what may be expected of the material in actual service. 


4. Forms of Test Pieces for Tension.—Some of the 
forms of specimens used in tensile tests are shown in Fig. 1, in 
2 which (a) is a rolled 
flat or square bar 
taken just as it comes 
from the rolls; (4) is 
a round rolled bar; 
4 (c) is a specimen cut 


from a plate; (d) is a 
specimen that has 

been turned down in 
G the middle so as to 
~ give a uniform sec- 

tion for a consider- 
able portion of its length; and (e) is a circular bar having a 
sectional area at the middle of about 1 square inch. 

For ordinary work, specimens of square, round, or flat 
bars are cut directly from the rolled stock and used without 
further preparation. In all such cases, the least sectional 
area of the piece must be accurately measured and recorded. 
If the specimen is cut from a plate, the usual form is that 
shown in Fig.1(c). The front and back surfaces are rolled, 
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and are not machined in any way. The edges, however, are 
machined so as to make them parallel and about 14 inches 
apart. For testing pieces from large bars, the middle part 
of the specimen is turned down, as in Fig.1(d). The large 
ends thus form convenient places to grip the test piece in 
the testing machine, while the break in the piece must occur 
somewhere between the larger ends, because of the reduction 
in cross-section. 


5. A test piece with threaded ends is shown in Fig. 2. 
This form is adopted by the American section of the Inter- 
national Association for Testing Materials. For steel for- 
gings, the dimensions of the test piece are as shown in the 
figure. The ends are threaded with United States standard 
threads, ten to the inch. The advantages of this form of 
specimen for steel forgings are as follows: (1) It is shorter 


Fie, 2 


than other forms and less material is wasted. (2) Less 
time and labor are required to prepare a small specimen. 
(8) The testing of a number of short specimens gives, at 
equal cost, a better idea of the quality of the material than 
the testing of one long specimen. (4) The shorter piece 
can be taken from parts of a forging that will not give a 
long piece. (5) The elastic limit, elongation, and reduction 
of area of cross-section in tension, can be determined quite 
as accurately by short as by long specimens. 

There is no generally accepted standard form of test piece 
for tension. It has been found, however, that pieces having 
the same relative dimensions or of similar shapes have the 
same percentages of elongation and the same strengths per 
square inch, so that under these conditions comparisons of the 
materials tested may be made without error. A rule that may 
be safely followed is to make the length of the test piece 
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eight times the diameter, in case of a round bar, and nine 
times the thickness in case of a square bar. A bar 8 inches 
long and 1 inch in diameter is used quite commonly in practice. 


6. Test Pieces for Compression.—There are a num- 
ber of forms of test pieces for compression, but when it is 
“esired to find the compressive strength only, the length of 
the piece should not exceed ten times its least transverse 
dimension. Short square blocks are sometimes used for 
compression specimens, but the most common form is a 
short cylinder. There are two convenient sizes of this 
form, one being 1 i.ich in diameter by 2 inches in height, 
and the other .798 inch in diameter by 1 inch in height. 
The area of cross-section of the first is .7854 square inch, 
while that of the latter is ¢ square inch, which is very con- 
venient in calculating the stress per square inch. In pre- 
paring test pieces for compression, great care must be taken 
to have the ends quite flat and parallel, as well as at right 
angles to the sides of the piece. The pressure should be 
applied in a direction parallel to the sides. If the ends are 
not at right angles to the sides, or if they are not flat, the 
load will not be distributed uniformly and the results of the 
test will be less trustworthy. 


7. Test Pieces for Flexure.—Test pieces for flexure 
are ordinarily made of square or of rectangular cross-section 
and of any conve- 
nient length. The 
small specimens of 
wrought iron and 
steel used in the test- 
ing machine are usu- 
ally taken from bars 
1 inch square, just as they come from the rolls, and are not 
machined or finished. Cast-iron specimens are also 1 inch 
square in section and are used just as they come from the 
mold, except that the sand is brushed off them. Larger test 
pieces may be made of rolled shapes, and full-sized beams may 
be tested, provided that a machine of ample size is available. 
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8. Test Pieces for Torsion and Shearing.—Test 
pieces of convenient sizes for torsion tests are shown in 
Fig. 3. That shown at (a) isa bar about 20 inches in length 
and 1 inch square; that at () is of the same length, but is 
cylindrical and 1 inch in diameter; that shown at (c) is a 
piece formed from a square bar turned down at the middle to 
} inch diameter. It is of the same length as the others. 

Shearing tests of bars are seldom made. However, tests 


are sometimes made D 
. TT TT: —N 


to determine the 1 || TS 


shearing strength of 
rivets. To do this, a 
test piece like that 
shown in Fig. 4 is 
employed. It con- Bigs? 

sists of two plates riveted together. The plates are made of 
such strength that the rivets will fail first, by shearing off, 
when the entire piece is subjected to tension. 


APPARATUS FOR TESTING MATERIALS 


9. The Testing Machine.—Physical tests of materials 
are usually made by means of a machine called a testing 
machine, although there are a few simple tests that can be 
made with ordinary tools, such, for example, as bending a 
piece of iron or steel while cold to determine its toughness 
and ductility, or dropping a weight on a bar of cast iron to 
determine its ability to resist shocks. The important tests, 
however, are accomplished by special machines designed for 
the purpose, one of which is shown in Fig.5. This machine 
may be used to test materials in tension, compression, or 
flexure. As shown in the illustration, the machine is fitted 
up to make a tension test. 


10. The bar a to be tested is held firmly by its ends in 
jaws or clamps at 6 andc. The lower clamp 4 is attached to 
the movable head d, which is raised and lowered by the turn- 
ing of two heavy screws, one at each side of the head d. 
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One of these screws is shown at e. 
held in the head and the screws pass through them. Hence, 
when the screws are turned by the gears in the base of the 


HI 


machine, the head d is moved vertically. 
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Large nuts are rigidly 
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The upper clamp ¢ 


is held immovable in the fixed head /, which is supported on 
the columns g. These columns are secured to the weighing 
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platform 4, which rests on knife-edge bearings on the lever 7. 
This lever is fulcrumed on knife edges that are supported 
by the box frame7. Consequently, when the head d descends, 
so as to exert a tensile force on the piece a, this force is 
transmitted to the head f and through it to the columns g, 
which in turn press downwards on the weighing platform 4. 
This pressure is then transmitted through the levers z and & 
to the scale beam /, which is graduated so that the load on 
the test piece can be read directly by moving the poise m to 
the point at which the scale beam floats or balances. This 
poise is moved by means of a long screw extending along the 
top of the scale beam. The screw may be rotated by means 
of the hand wheel xz, or it may be operated automatically. A 
battery o is connected to an electromagnet, which operates a 
clutch through which the screw may be caused to rotate by 
power from the driving mechanism of the machine. The 
battery is so connected that when the scale beam rises the 
finger ~ closes the battery circuit by touching the beam, and 
the clutch is instantly operated by the magnet. The weight 
or poise is then moved out along the beam until the beam 
falls, breaking the contact at f, releasing the clutch, and 
stopping the outward movement of the poise. This action 
is repeated until the maximum load is reached. The poise 
must then be run back by turning the hand wheel z. To 
return the poise to the zero mark, a lever at the top of the 
poise is pressed down, releasing the nut which engages with 
the screw on the scale beam. The poise may then be moved 
by hand. 


AUXILIARY APPARATUS 


11. Jaws for Holding Test Specimens.—When a test 
piece is subjected to tension in a testing machine, it should 
be acted on only by a force applied in the direction of its axis. 
That is, the ends of the piece should be so held that there 
will be no tendency to bend the test piece. In Fig. 6 (a) is 
shown a test piece held in ball-and-socket jaws intended to 
counteract any tendency to bend. The upper end of the 
test piece a is held firmly between the jaws 4, 6 in the fixed 
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head of the machine, while the lower end is held by similar 
jaws c,c in the movable head. The jaws press against 
blocks d,d that have ball-and-socket bearings at ¢,e; such 
jaws permit the piece to be stretched without inducing any 
side stresses or bending 
forces. The jaws are 
wedge-shaped, and fit into 
tapered rectangular holes 
in the fixed and movable 
heads. On account of this 
wedging action, any in- 
crease in tension causes 
the piece to be held more 
firmly. 

The faces of the jaws 
are roughened into file- 
like surfaces that hold 
the test piece tightly and 
prevent slipping. In 
Fig. 6 (4) is shown the 
roughened face of an ordi- 

Sa Bis. 6 nary jaw for holding a 
flat test piece, like that shown in Fig. 6 (a). 

In Fig. 6 (c) is illustrated a jaw used for the purpose of 
holding test pieces with round ends. As in the previous 
types, the gripping surfaces are roughened so as to take 
firm hold of the test piece. 


8 


Uy 


UN 
Ly 


a 
—-> 
— y 


Z 
Z 
Z 


12. The Micrometer Caliper.—Before a test piece is 
placed in the testing machine, it is measured, so that its 
diameter, if it is a round specimen, or its breadth and thick- 
ness, if it is rectangular, is known. These measurements 
should be made very accurately. 

In Fig. 7 is shown one kind of measuring instrument 
used for this purpose; it is known as a micrometer 
caliper, and is capable of giving very accurate results. It 
really consists of two micrometers, a and 4, fastened to one 
base c. The piece to be measured is placed between the 
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fixed point d and the movable point e, and the latter is then 
screwed up by means of the nurled wheel / until it rests 
lightly against the piece.. The reading is then taken from 
the graduated scale orf the bar g and the edge of the wheel f. 
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In measuring rectangular specimens, it is advantageous to 
have a double micrometer, as shown, so that one may be 
set for the width and the other for the thickness. These 
micrometers are graduated so as to read to tes inch, and 
may be used for measurements up to 23 inches. This instru- 
ment is used also in determining the size of the test piece 
after it is tested, as in tension or compression tests the 
dimensions of the test piece are slightly altered. 


18. Spacing Instruments.—In a tension test on an 
8-inch test piece, it is customary to divide the length into 


i —__ e 


a Fie. 8 6 


eight equal parts. After the test, the elongation of the piece is 
measured on this marked portion of the bar. An instrument 


aa 
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adapted to the division of a test piece as described is shown 
in Fig. 8 (a). It consists of a steel rule having eight notches 
along its edge. The sides of these notches that lie parallel 
to the endaé are exactly linch apart. Hence, by laying this 
rule on a flat test piece and making a scratch along each of 
the edges named the piece is easily marked off into eight 
equal divisions. 

If the test piece is round, the division may be accomplished 
by the use of the instrument shown in Fig. 8 (4). It is 
simply a prick punch with two points instead of one, the 
points a and 6 being exactly 1 inch apart. Having scratched 
a straight line along the side of the piece, the eight l-inch divi- 
sions are laid off by placing the prick punch in successive 
positions and tapping it lightly with a hammer. The marks 
thus .left are permanent, whereas simple scratches on the 
piece may easily become effaced. The purpose of laying off 
these divisions is to locate the point where the test piece 
fractures or breaks; in some tests, also, it is customary to 
measure the elongation in each inch of the piece. 

In case two marks 8 inches apart are all that are desired, a 
double punch of the form shown in Fig. 8 (c) may be used. 
Its points a and @ are 8 inches apart, and it is only necessary 
to place the points in position and tap each punch lightly 
with a hammer. 


14. The Micrometer Extensometer.—A form of 
instrument used to measure the elongation of a piece is 
shownin Fig.9. Itis known as the micrometer extensom- 
eter, since the measurements are taken by means of microm- 
eter screws. The instrument is tightly clamped to the test 
piece by clamps at a and 4. The points that hold the clamps 
to the test piece are kept exactly 8 inches apart by the dis- 
tance bars c, one on either side. The upper ends of these 
are hook-shaped; after the instrument is firmly fastened 
to the test piece the hooked ends are disengaged and moved 
to one side, as shown in the illustration. To the lower 
clamp is fastened a frame carrying two micrometer screws d, d 
attached to index wheels e,e. The same frame also carries 
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the graduated scales /,f. The upper clamp carries a frame to 
which are attached posts g, g that are adjusted so as to come 
directly opposite the points 4, of the micrometer screws. 
These posts g,g are insulated from the other metallic parts 
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of the instrument and are connected by wires to one pole of 
a battery z. Another wire connects the other pole of the 
battery to the lower clamp 4, through an electric bell 7. It 
is evident, therefore, that if the point 4 of one screw touches 
the corresponding post g, the bell will ring. 


oe 
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In order to measure the extension of a piece, the reading 
of each micrometer is taken before any load is applied. 
Then, when a certain load is put on the test piece, it will 
elongate somewhat, thus separating the post g from 
the point 4. The wheels ¢,e are then turned until the 
points 2, just fail to touch the posts g,g, and the reading 
of each is again taken. The difference between the average 
of the first two and the average of the last two readings is 
the elongation. This operation is repeated for each load, 
or as often as it is desired to take readings. In order to be 
certain that the point 4 just fails to touch g, the screw is 
turned upwards until the bell rings and then turned back 
slowly until the bell ceases to ring. 

The index wheels are graduated into 250 equal divisions 
and the screws have forty threads per inch. Hence, for each 
movement of one division on the index wheel, the vertical 
movement of the screw is ao X 30 = 10000 inch; that is, 
the instrument will read to todo0 inch. The readings from 
both micrometers should be taken as nearly at the same 
instant as possible, which may be accomplished by having 
an observer to manipulate each screw. It is usually desir- 
able to have a bell for each micrometer, so that there may 
be no possibility of error. 

The extensometer should always be removed from the 
test piece before fracture occurs, as the jar due to the recoil 
after the rupture may damage the instrument. Frequently, 
the elongation beyond the elastic limit may be measured 
roughly with a pair of dividers after the extensometer has 
been removed. These measurements can be taken nearly 
up to the breaking point, and while probably not accurate 
to less than too inch, they nevertheless may be used in 
determining the elongation near the point of rupture. 


155. ‘The Compressometer.—In a compression test or 
in a transverse test, it is desirable to know the amount by 
which the piece shortens or by which it deflects under vari- 
ous loads. An instrument known as a compressometer 
one form of which is shown in Fig. 10, is used for this 
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purpose. It contains two micrometer screws a and 4, having 
the same number of threads per inch and connected by the 
gears c,d, and e, so that when one screw is turned, the otker 
turns an equal amount,in the same direction. These screws 
are supported by the base f and carry the frame yg, which, 
having once been set level, remains so, as the micrometer 
screws move equally. 

In using this instrument, the points # of the rigid arms 7 
are placed in contact with the platform of the machine, or 
with a block of convenient thickness lying on the weighing 
platform; these points do not have xny vertical movement. 
The points 7 of the arms & are placed beneath the compres- 
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sion head of the machine and in contact with it. The arms & 
are fastened to a bar s, pivoted at /, which carries a thumb- 
screw at its end, the point m of the screw being opposite an 
insulated metal block 2 held in the frame g. The block z 
is connected to one terminal of a battery o through a bell A, 
the other terminal of the battery being connected to the 
frame of the instrument. Hence, if the point # touches z, 
the bell will ring. 

Now, as the movable head of the testing machine descends, 
it depresses the points 7 and turns the bar s on the ful- 
crum /, separating the points m and x. The screw a is then 
turned down by means of the index wheel g, lowering the 
fulcrum / until the point m touches z and rings the bell. 
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The amount the fulcrum 7 is lowered is measured by the 
index wheel g and the scale ~. This measurement repre- 
sents the amount the test piece is compressed. There are 
250 divisions on the index wheel, and each micrometer 
screw has forty threads per inch, so that this instrument 
may be used to measure compression to toooo inch. When 
used in connection with a transverse test, an instrument of 
this form is sometimes termed a deflectometer. 


16. The Autographic Recording Apparatus.—At g, 
Fig. 5, is shown an autographic attachment by means of 
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which the stress in a test piece and the corresponding 
deformation are automatically recorded throughout the test. 
An enlarged view of this apparatus is shown in Fig. 11. 
At @ is a cylindrical drum, mounted on a vertical shaft sup- 
ported by the frame of the machine. This drum has a sheet 
of paper 6 fastened tightly around it, the paper being 
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divided into squares by horizontal and vertical lines equally 
spaced. Beside the drum and parallel to its axis is a vertical 
standard and a screw ¢, on which is a nut, at d, carrying an 
arm to which is attached a pencil f. This screw has a bevei 
gear on its lower end, which meshes with another gear on 
the shaft of the hand wheel g. Hence, any movement of the 
screw / on the scale beam will cause a corresponding vertical 
movement of pencil f In other words, the vertical move- 
ment of the pencil is proportional to the distance traveled by 
the poise m, Fig. 5, and hence proportional to the load on 
the test piece. 

The drum a is given a rotary motion by means of bevel 
gears at 7 and & and the shaft 7. This rotation is due to the 
deformation of the test piece. By means of gearing, the 
amount of deformation of the test piece is transformed into 
motion of the shaft 7, causing rotation of the drum. Thus 
the amount of rotation of the drum_is at all times propor- 
tional to the deformation of the test specimen. 

In making a test, the pencil is set at the point on the 
paper 4 corresponding to zero load and zero deformation. 
Then, as the test progresses and the load and deforma- 
tion increase, the pencil rises vertically and the drum turns, 
and there is drawn on the sheet a curve that at all times 
represents the load and its corresponding deformation. 


TENSION TEST 


METHOD OF MAKING THE TEST 

17. Preparations for the Tension Test.—The test 
piece having been first prepared and given a uniform cross- 
section, the area of this section is carefully determined by 
the use of the micrometer caliper. Next, if it is an 8-inch 
specimen, the piece is marked off into eight divisions of 
1 inch each, care being taken to have this length of 8 inches 
extend over that portion of the piece that is uniform in 
cross-section. When the piece is thus marked with prick- 
punch marks, it will appear somewhat as shown in Fig. 12 
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The extensometer is then attached and the piece is placed in 
the jaws of the machine. At first, it will fit loosely, and in 
order to set the jaws firmly the machine is started and the 
movable head allowed to descend until the scale beam tips 
up, the poise having been previously placed at zero and the 
machine balanced. There is now a very slight tension in 
the test piece, but it is so 
small that it will not affect 
the piece appreciably. In 
case the autographic at- 
tachment is to be used, it is now attached, and the pencil is 
set at zero on the sheet. The latter should fit snugly to the 
drum, and there should be no lost motion in any of the attach- 
ments. This completes the preparation of the machine for 
the test. 


Fic. 12 


18. Conducting the Test.—The readings of the scale 
beam and of the extensometer should be taken at the same 
instant. The interval between readings is not fixed, but may 
be assumed at pleasure. Some engineers prefer to take 
readings at intervals of 2,000 pounds; that is, to take a 
reading each time the tension becomes 2,000 pounds greater 
than at the preceding reading. Others take readings on a 
time basis, say every = minute. 

The machine should be run very slowly until the piece is 
stretched beyond the elastic limit, after which it may be 
speeded up. The application of the load to the test speci- 
men should be gradual and increase uniformly. There 
should be no shocks or jerks. Neither should the test be 
made too quickly. At ordinary temperatures, a tension test 
covering several minutes will give practically the same 
results as those obtained by applying the load much more 
slowly. But a very rapid application of the load tends to 
give too high values for the elastic limit and the ultimate 
strength. The testing machine is so constructed that from 
four to seven speeds are obtainable, to suit different conditions. 
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RECORDS OF THE TEST 


19. The Autographic Diagram.—When the auto- 
graphic attachment is used in making a test, the diagram 
produced by it is known as an autographic diagram or a 
stress curve. Three of these diagrams, for three tension 
tests, are shown in Fig. 13, recorded on one sheet. The sheet 
on which the records are drawn is generally calleda card. The 
three curves, together with the data at the top of the sheet, 
give full information concerning the tests. Curve No. 1 is for 
machinery steel, No. 2 is for wrought iron, and No. 3 ig for 
cast iron. The specimens of steel and wrought iron are 
6 inches long, and of cast iron 38 inches long. The sheet is 
divided into squares, and each division on the vertical scale 
represents a load of 5,000 pounds, while each division on the 
horizontal scale represents an elongation of .05 inch. 

It will be observed that in the test of machinery steel, as 
represented by curve No. 1, the curve is approximately a 
straight line, until a stress of about 32,500 pounds is reached. 
This means that up to this point the load and the elongation 
are in the same ratio, or directly proportional to each other. 
Beyond this load, the elongation increases much more 
rapidly than the load, as shown by the approach of the curve 
to a horizontal line. The point where this sudden change of 
direction occurs is the elastic limit, since it is the point 
beyond which the elongation is no longer directly propor- 
tional to the load. The area of the test piece being .7854 square 
inch and the stress at the elastic limit being 32,500 pounds, the 
elastic limit of the material must be 32,500 + .7854 = 41,380 
pounds per square inch. The diagram also shows a total 
elongation of 1.96 inches, but as this is the elongation in 
6 inches of length, the elongation per inch is 1.96 + 6 = .83 
inch, nearly, or practically 33 per cent. The area of the 
section at the point of rupture, measured after the piece is 
broken, is .8019 square inch. Consequently, the reduction 
of area, as compared with the original cross-section, is 


.7854 — 8019 __ 
okie ay .61, or 61 per cent. 
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Loaa per sq. in.:_El. L.s2a,55%  Max._24.237 Breaking “£24 
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19 Fie. 14 
YLT 374—21 
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20. The records on the card show similar data for both 
the wrought-iron and the cast-iron specimens. The point of 
zero stress for all of the curves has been taken on the base 
line of the diagram, but the point of zero elongation has been 
shifted to the right in the case of curves No. 2 and No. 3 in 
order that the curves may not intersect and thus become con- 
fused. In any case, the total elongation is found by subtract- 
ing the reading at the beginning of the test from the reading 
at the point of rupture. In the case of the wrought-iron speci- 
men, the total elongation is 2.58 — 1.00 = 1.58 inches, while 
in the case of the cast-iron specimen it is but .008 inch. 


21. Log of a Tension Test.—The record of a test, 
frequently termed the log of a test, may be kept in a number 
of convenient forms, one of which is illustrated in Fig. 14. 
It consists of a sheet divided into several columns, with 
blank spaces in which are written the data observed during 
the entire test. 

The first column at the left gives the numbers of the read- 
ings, and the second gives the corresponding loads as read 
from the scale beam. In the third column are given the 
loads per square inch of section, these results being found 
by dividing the load P in the second column by the area 4 
of the cross-section of the test piece, in square inches. 

In the test from which this record was taken, the elongation 
was determined by the use of an extensometer like that 
shown in Fig. 9, and the poise on the scale beam was 
operated by hand. The fourth and fifth columns contain the 
readings of the two micrometers on the extensometer, the 
mean of each pair of readings being given in the sixth 
column, found by taking one-half of the sum of the two 
readings at any instant. In the seventh column are given 
the actual elongations corresponding to the separate read- 
ings. The actual elongation at any instant is equal to the 
mean extensometer reading for that instant minus the first 
mean reading of the extensometer. Thus, for the eighth 
reading, the elongation is .12550 — .10005 = .02545 inch; for 
the seventeenth reading, it is .92600 — .10005 = .82595 inch. 
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The last four readings in this column were secured by 
measuring the test piece with the aid of a pair of dividers: 
after the extensometer was removed. 

The eighth column gives the differences of elongation, 
each of which is found by subtracting from its corresponding 
actual elongation the preceding actual elongation. Thus, 
at the tenth reading, the difference of elongation is equal to 
.09670 — .06865 = .02805 inch. The last column gives the 
actual elongations per inch of length of the piece, these 
being found by dividing the values in the seventh column 
by 8, the length of the test piece, in inches. 

The notes on the upper part of the report explain them- 
selves, to a large extent. The final length is equal to the 
original length plus the total elongation up to the point of 
rupture of the piece. The final area of cross-section is 
determined by measuring the dimensions of the piece at the 
point where it broke. The percentage of elongation is found 
by dividing the total elongation by the original length of 
the piece; thus, 2+ 8 = .25 = 25 per cent. The percent- 
age of reduction of area is found by dividing the difference 
between the initial and final areas by the initial area; thus, 

(.7854 — .4794) + .7854 = .8896, or say 39 per cent. 

The terms modulus of elasticity, maximum and breaking 
loads, and load at the elastic limit, will be explained later, in 
connection with the curve of stresses and elongations. 


22. Plotting the Stress Curve.—After the log of the 
test has been prepared, as in Fig. 14, the stress curve may 
be plotted as shown in Fig. 15. This should be done on 
sheets ruled into small squares, known as cross-section 
paper or squared paper, since it is very convenient to use. 
The first step is to decide on the scales of stress and elon- 
gation. Suppose that each vertical division represents a 
load of 2,000 pounds, and each horizontal division an elon- 
gation of .005 inch per inch of length of the test piece. 
Taking the data. given in the third and ninth columns in 
Fig. 14, the stresses are laid off in Fig. 15 as ordinates and 
the corresponding elongations as abscissas, and through the 
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points thus located a curve is drawn; this curve is the 
stress curve. It may not be possibie to draw a smooth 
curve to pass through all the points located. This is usually 
due to errors in observing the readings, and in such a case, 
the curve should be drawn so as to represent, approximately, 
the mean of the locations of the points. 


23. Reading the Stress Curve.—In connection with 
curve No. 1, Fig. 13, it was shown that the elastic limit is rep- 
resented by the point at which the curve first takes a decided 
slope from the vertical. In Fig. 15, the point a represents 
the elastic limit of the material, since that is the point where 
the curve rapidly departs from the straight line Oa. At the 
point 4, there is a still more decided departure from the ver- 
tical trend; this point is known as the yield point. It is at 
this point that the test piece begins to fail rapidly, showing 
that its structure is being broken down. The point ¢ at 
which the curve is farthest above the base line indicates the 
point of ultimate strength of the material; that is, the point 
of maximum load per square inch. At d, the end of the 
curve, the piece fractures, and the height of this point above 
the base line represents the breaking load, which may or 
may not be equal to the ultimate strength. 

The falling of the curve from ¢ to d indicates that there 
is a rapid decrease of load on the test piece during this 
period of the test. After passing the point of ultimate 
streneth c, the elongation becomes very rapid, and in order 
to keep the scale beam floating or balanced, it is necessary 
to move the poise backwards along the beam, which results 
in a gradual falling of the curve on the autographic record. 
As the piece yields, its area of cross-section rapidly dimin- 
ishes. If the testing machine were so made that the load 
atc could be maintained steadily, the piece would break at 
that point. Hence, the fiber stress at the point ¢ is called the 
maximum fiber stress, or ultimate strength, of the material. 

Inspection of the stress curve and the test report shows 
that the load per square inch at the elastic limit @ is 
80,558 pounds. The maximum load, atc, is 51,337 pounds 
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per square inch, while the breaking load, at d, is only 
48,841 pounds per square inch. The modulus of elasticity 
is equal to the load per square inch, at any point below 
the elastic limit, divided by the elongation per inch at that 
load. That is, divide any value in the third column of 
Fig. 14, up to the elastic limit, by the corresponding value 
in the ninth column to obtain the modulus of elasticity. 

The moduli of elasticity calculated from several readings 
will not agree exactly, but by taking the average of several 
results a close approximation to the true modulus may be 
secured. Thus, taking the corresponding readings in the 
fourth line of Fig. 14, 

15,279 + .000563 = 27,140,000, nearly; 
taking the fifth line, 
20,3872 + .0008 = 25,460,000; 
taking the sixth line, 
25,465 + .00095 = 26,800,000; 
taking the seventh line, 
30,558 + .0012 = 25,460,000 

The average of these four results is 26,215,000, so that 
the modulus of elasticity may be taken, approximately, 
as 26,000,000. 


24. Important Points in a Tension Test.—There 
are six important points or factors to be determined by a 
tension test, of which a record should be kept by means of 
a suitable report or record, or by a diagram, or still better, 
by both. These factors are the modulus of elasticity, the 
elastic limit, the yield point, the ultimate strength, the 
percentage of elongation, and the percentage of reduction 
of area of cross-section. 
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COMPRESSION TEST 


METHOD. OF MAKING THE TEST 


25. Preparation for a Compression Test.—Before 
testing a piece in compression, the clamping jaws are 
removed from the movable head of the testing machine, 
as they are not needed. A cylindrical steel block is then 
fitted to the under side of the movable head of the machine, 
as shown in Fig. 16, in which @ represents the movable head 
and 6 the cylindrical block. This block has a lug or projec- 
tion c, rectangular in shape, which fits into the rectangular 
opening in the head that had previously 
held the jaws. A stud bolt d, ened 
to the block 4, passes up through the Y 
hole in the head and through a cover- 
plate e. The nut / is then tightened, 
holding the block firmly against the 
head. A similar block 2 is then placed 
on the weighing platform # of the 


machine, where it is held by short » 
dowel-pins z,z. Care should be taken Wi, VI 
to have the head, the blocks, and the Vs 
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platform quite clean, so that the blocks 
will have their faces parallel. The machine should then be 
balanced, with the poise on the scale beam set at zero. 


26. The test piece should next be measured quite care- 
fully, so as to obtain its length and its area of cross-section, 
these measurements being made with a micrometer caliper. 
The specimen should be placed between the blocks 6 and g, 
as shown at 7, Fig. 16, and the movable head lowered until 
the piece is squeezed just tightly enough to be held in posi- 
tion. The compressometer should next be placed in position 
and adjusted, and connected with the bell and the battery. 


27. Conducting the Compression Test.—The 
manner of conducting a compression test does not differ 


COMPRESSION TEST REPORT 
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greatly from that used in a tension test. The machine should 
be run at a fairly slow speed during the test, and the read- 
ings of the scale beam and instruments should be taken at 
the same instant at each period of observation. 


7 


RECORDS OF THE TEST 


28. Log of a Compression Test.—A complete record 
of the various readings taken in the test should be kept on 


properly prepared blanks, DSPs Seeing she 


similar to those used in H 
tension tests. Such a blank a 
form, filled out with the Pale EnrSe 
results of a compression aa peas 
test of a piece of cast iron - | 
1 inch long and .798 inch al hale ich cl) 
in diameter, is shown in BS : z aogeaa eae 
Fig. 17. ‘Since the length ¢ pes es (sf PD 
; : : HOURS ARSeReo sa 

of the specimen is 1 inch, § 9900077 co ae 
the total compression is 3 =f | co 
the same as the compres- a fo cH 7 a 
sion per inch, and the fifth heel H : Ht 
and seventh columns con- I ane FH 
tain the same values. Pee st 
ahah Fe 
29. The Stress TES Sl ae 
Curve.—If the auto- PLE i ttt} tf 
graphic attachment had Ferree 
been used, the curve of Sete nas 

stresses and deformations Fie. 18 


would have been drawn on a sheet similar to that containing 
the curves in Fig.18. It is an easy matter, however, to plot 
the curve from the data sheet in Fig. 17. Fig. 18 shows the 
stress curve thus plotted, each vertical division representing 
4,000 pounds load, and each horizontal division a compression 
of .01 inch, 
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TRANSVERSE TEST 


METHOD OF MAKING A TRANSVERSE TEST 


380. Preparation for a Transverse Test.—To make 
a transverse test, the testing machine is fitted as shown in 
Fig. 19. A V block a is fitted to the under side of the mov- 
able head 6 of the machine, and two similar blocks are 
placed on the weighing platform, at equal distances on 
each side of a, as at c and d. These blocks have steel 
edges ¢,e, on which the test piece rests and which are from 4 
to 6 inches wide, measured along the steel edges. The 
Oy edges of the three 
Y/ blocks should be par- 
a allel, as they will be 
i aaa if properly adjusted. 
- : The machine should 
then be balanced. 


Ol. The test bar 

Fic. 19 used in a transverse 
test is usually rectangular in shape. ‘This should be care- 
fully measured by a micrometer caliper, and the breadth and 
thickness, as well as the distance between supports ¢ and ad, 
Fig. 19, recorded. The test bar should then be put in place, 
as at f, and the head lowered until the block a just touches 
the bar. Next, the compressometer should be placed on the 
platform and adjusted properly. It should be set exactly 
beneath the edge of the block a, since the deflection of the 
test piece will be greatest at its middle point; but it should 
be removed, to prevent damage, when the piece shows signs 
of rupture. 


32. Conducting a Transverse Test.—The method of 
conducting a transverse test does not differ from that 
employed in either of the two tests already described. It 
will be found that the deflections will be considerable, while 
the loads on the scale beam will be small. The machine 
should be run at a very slow speed. 


TRANSVERSE TEST REPORT 
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RECORDS OF THE TEST 


38. Log of Transverse Test.—The log or record of 
a transverse test is shown in Fig. 20, the blank form being 
similar to that used in tension and compression tests. The 
specimen was a wrought-iron bar 28 inches long and 1 inch 
square, the distance between supports was 24 inches, and 
the load was applied at the middle. The distance of the 
outermost fiber from the neutral axis is one-half the depth 
of the bar, or % inch, and the moment of inertia, accord- 


ing to Strength of Materials, Part 2, is 7 = But the 
breadth 6 and the thickness or height d are equal, so that 
i= OL NE 
Le, 12 12 


The first column, as usual, contains the numbers of the 
readings. The second column gives the actual loads on the 
specimen. The load per square inch is not used in transverse 
tests. The third and fourth columns are for micrometer 
readings and differences of readings. In this test, the read- 
ings of the compressometer are taken from zero, and con- 
sequently the readings as given in the fifth column are the 
same as those in the third column. The value of the modu- 
lus of elasticity for center loading is found by the use of the 


formula from Strength of Materials, Part 2,5 = Baas which, 
48 AE] 
when solved for 4, becomes 
_iwe 
~ 48° Ts 


The value of W, the load, is found in the second column; 
the length / is 24 inches; the moment of inertia 7 is 7s and 
the deflection s is given in the fifth column. Hence, by cal- 
culating values of 4, using values from the table that lie 
within the elastic limit, and taking the average of the 
results, the modulus of elasticity is found to be approxi- 
mately 28,000,000. 

Since the piece is loaded at the middle, the shearing stress is 
greatest at the points of support and is equal to one-half the 
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ioad. Hence, at the elastic limit, the shearing stress is 
1,150 + 2 = 575 pounds, 
and at the maximum load, it is 
1,465 + 2 = 733 pounds. 
The fiber stress is found by the formula in Strength of 
Materials, Part 2, MW = ef, which, when transposed, gives 


M Cc 


Sa 7” S being the stress in the outer fibers, ¢ the distance 


from the neutral axis to the outer fibers, and 17 the bending 
moment in inch-pounds. In the case of a bar loaded at the 
center, 14 = 4WJ/. Hence, at the elastic limit, 17 = 6,900 
inch-pounds, and at the point of maximum load it is 
8,790 inch-pounds. Substituting these values for 17, making 
c = ¢and / = 75, the stresses in the outer fibers are found 
to be 41,400 pounds and 52,740 pounds, respectively. The 
piece did not rupture, but merely failed by bending, which 
was to have been expected of a bar of wrought iron. 


34. Plotting the Curve for a Transverse Test. 
The method of plotting the stress diagram does not differ in 


Load in Pounds 


Deflection in Inches 
Fic. 21 


principle from the method already explained in connection 
with tension and compression tests. The curve is shown in 
Fig. 21, in which one division represents 100 pounds load 
and .04 inch deflection, on the vertical and horizontal scales, 
respectively. 


cee 
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SHEARING AND TORSION TESTS 


35. As already stated, tests for shearing and torsion are 
less important and made less frequently. Shearing tests are 
usually made on riveted pieces like that shown in Fig. 4, 
which are placed in a testing machine and pulled apart in 
the same manner as a tension test piece. 

Torsion tests are made by use of a machine having one 
fixed head and one movable head, the latter having a rotary 
motion. The test bar is held by jaws in both heads of the 
machine and the movable head is turned, twisting the speci- 
men until it breaks. The twisting moment is registered 
by a scale beam, and the angle through which the piece is 
twisted is read from a scale near the movable head. 


386. Relation Between Shearing and Torsion.—It 
is evident that a bar subject to torsion is actually subjected 
to shearing. Suppose the bar to be composed of an infinite 
number of thin sections lying at right angles to the axis, 
much like a long roll of coins lying on their edges. Then, 
as the bar is twisted, those sections nearest the fixed head 
twist but little, while those nearest the movable head turn 
considerably; the result is that each section tends to slide 
on its neighbor, thus setting up shearing stresses in the fibers 
in planes at right angles to the axis of the bar. When a 
piece of wrought iron or steel is broken by a torsion test, 
the break occurs in a plane almost at right angles to the axis 
of the bar. In the case of cast iron, the break is more 
irregular, often approaching a helical or spiral shape. 


MISCELLANEOUS TESTS 

37. The Cold-Bending Test.—An excellent method of 
testing the ability of wrought iron and soft steel to with- 
stand the effects of severe distortion when cold, either 
during processes-of manufacture or during subsequent use, 
is by cold bending. A test of this kind tends to expose any 
objectionable qualities in the metal, such as brittleness and 
lamination, which may be caused either during the rolling or 
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the annealing processes. A steel that suffers a large percent- 
age of reduction in area under a tension test will withstand 
severe cold bending tests, so that the result of such a test 
really forms an index’to the character of the structure of a 
metal. 

This bending test has the advantage of requiring only a 
heavy hammer and an anvil for its application; a test of this 
kind is practicable when means for the more complete 
and elaborate tests are unobtainable. But the methods of 
making the test and the interpretation of the results have 
never been standardized, like those relating to the foregoing 
tests. Fig. 22 (a2) shows a specimen bar of mild steel that 
has been subjected to a bending test of 180°, that is, bent 
back on itself and flattened - 
under the blows of ahammer. 
Fig. 22 (6) shows a similar eee 
specimen that has been bert — @ 
through more than 180°, but 
without flattening. It will be 
seen that there are no indica- -. 
tions of cracks or laminations © 
in either piece. The latter is 
a round bar ¢ inch in diam- 
eter, and it has been bent into a curve whose inner radius is 
less than $ inch. This is a very severe test and is seldom 
demanded of any material except soft steel, or that having a 
tensile strength of less than 65,000 pounds per square inch. 
These bending tests may be made under steady pressure, if 
desired, instead of under blows from a hammer. 
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SOME TESTS OF CAST IRON 


38. Special Terms Relating to Cast Iron.—In addi- 
tion to the numerous terms used in connection with the 
testing of wrought iron and steel, there are several that 
relate especially to cast iron and are explained as follows: 

1. Density.—By a dense iron is meant iron having a 
fine, close grain, as distinguished from iron having a coarse, 
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open grain. The greater density of the former may amount 
to as much as 50 or 60 pounds difference in weight per 
cubic foot. A cubic foot of white iron weighs about 
475 pounds, while a cubic foot of gray iron may weigh 
only 425 pounds. 

2. Brittleness.—Cast iron is said to be brittle when it 
breaks easily. White iron and irons containing certain 
impurities are brittle and should not be used in parts that 
are subject to jars, shocks, or sudden changes of load. 

3. Strength.—By the strength of cast iron is meant 
its ability to withstand stresses of various kinds without 
yielding or breaking. Tests are usually applied to cast iron 
transversely and by impact, since it is generally used to 
resist transverse and crushing stresses and those resulting 
from impacts or blows. Tensile tests are very seldom made 
on cast iron. 


39. Transverse Test Bars of Cast Iron.—The size 
and form of cast-iron bars for transverse tests vary greatly. 
and therefore it is seldom possible to compare records 
obtained from different sets of tests. Both round and square 
bars are used, their lengths varying from 12 to 50 inches 
and their cross-sections from 3 square inch to 5 or 6 square 
inches. 

The test bar should be of such form and size that it will 
be as little affected by variations in the dampness of the 
molding sand as possible. The moisture in the sand causes 
the outer surfaces of the bar to chill and produces a closer 
grain. The bar should be of such form and cast in such a 
position that the rate of cooling and its structure will be 
uniform throughout. 

It is not good practice to use a test bar having a sectional 
area of less than 1 square inch, as the dampness of the sand 
in the mold will greatly affect asmall bar. A test bar 1 inch 
square is best adapted to soft or medium grades of iron, and 
the larger sizes give the best results for the harder grades. 
Any iron that takes a chill easily requires a large test bar, so 
that the surface of the bar may bear a smaller ratio to the 
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area of the cross-section. An important consideration is to 
keep the conditions the same in doing the work, so that 
useful comparisons may be.made. 


40. Structure of Transverse Test Bars of Cast Iron. 
Having decided on the dimensions of a test bar, the next 
point is to obtain a uniform structure. It has been found 
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that a square bar is surrounded or encased in a shell of 
denser metal, as indicated in Fig. 23 (a); the heavier shading 
represents the denser metal. It is seen that this shell is 
thicker at the corners @ than at the sides 6 of the bar. 
From this it is apparent that a uniform structure cannot be 
expected of a square bar, no matter what its position when 
cast. 

A round bar, shown in section in Fig. 23 (4), will also 
have a shell d of denser metal, but this shell will be uniform 
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all around the bar, in bars that are cast on end, and for this 
reason the round bar, cast on end, is often preferred for both 


tensile and transverse tests. 
In the case of a bar cast on its side, if a transverse load is 
applied to the surface that was uppermost in casting, the bar 
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will sustain a greater stress than it would if the load were 
applied to the surface that was at the bottom when the bar 
was cast. The structure of a 12-inch bar cast on its side is 
shown in Fig. 24. The lower shell « is much thicker than 
the upper one vz, and there will be a difference in the results 
of tests made with the bar in the two positions. Hence, if 
bars are cast on their sides, they should be tested in the 
same positions. This may be easily assured by casting 
some mark on the upper surface of the bar. 


41. Testing Cast Iron for Contraction.—A knowl- 
edge of the amount of contraction of the several grades of 
iron will greatly assist the molder in proportioning the parts 
of a mold and deciding on the grade to use for a given cast- 
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ing. In making test bars for contraction tests, it must be 
remembered that here, also, the dampness of the mold affects 
results, and hence thin or small bars should be avoided. A 
difference in the moisture of two molds may cause a differ- 
ence of as much as 3% inch per foot in the contraction of the 
same grade of iron when cast in small bars. 
One method of measuring the contraction of a test bar of 
“cast iron is to cast the bar between the points a and 6 ofa 
yoke c, as shown in Fig. 25. The yoke c is placed in the 
mold and a pattern for the bar is placed between the points a 
and 6. The yoke is left in the mold during the casting opera- 
tion, and the iron shrinks away from it in cooling. In the 
illustration, the casting e is shown in place in the yoke in which 
it was cast, and the distance @d between the end of the bar e 
and the end 6 of the yoke indicates the amount of contraction. 
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CHARACTERISTICS OF MATERIALS 


WROUGHT IRON AND STEEL IN TENSION 


42, Elastic Limit and Yield Point.—In tensile tests 
of wrought iron and steel, it is found that from the beginning 
of the test the scale beam tends to rise continually to the 
yield point. At this point, the beam will suddenly fall and 
remain down for a short time, after which it will rise again. 
The load registered by the scale beam at the yield point 
represents the extreme limit to which the material may be 
loaded in actual work. The yield point usually occurs at 
from 60 to 70 per cent. of the ultimate strength, while the 
elastic limit is reached at from 50 to 70 per cent. of the 
ultimate strength. 

If wrought iron and some grades of steel are stretched 
beyond the elastic limit, and the load is then removed for 
a short time, it will be found, on applying the load again, 
that the elastic limit of the material has been raised to the 
highest point to which the material was originally loaded; 
in some cases, this has been repeated until the elastic limit 
nearly corresponded to the ultimate strength. 


43. Elongation and Reduction of Area.—As a 
tension specimen is pulled, it lengthens and its cross-section 
diminishes, so that the force applied is acting on a constantly 
decreasing cross-sectional area instead of on a constant area. 
However, since this is the condition to which materials 
are subjected in actual machines, the stresses are always 
expressed in pounds per square inch of the original area 
of cross-section, unless otherwise specified. 

There are two distinct stages in the elongation of a tension 
test piece. The first stage ends with the time during which 
the stretching and the reduction of area are uniform through- 
out the whole length of the bar. The second stage ends when 
the ultimate strength is reached, and when the test piece 
begins to neck or contract in area at one point, this being 
the point at which rupture will finally occur. The elongation 
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then occurs wholly at this point instead of being uniformly 
distributed, as before. 

Fig. 26 will serve to make clear the nature of this action. 
At (a) is shown the original specimen, before testing. 
At (6) is shown the same piece after it has been stretched 
to the point of ultimate strength. At (c) 
is shown the specimen when it is about to 
rupture at the necked part. 

The elongations of specimens having 
the same cross-sectional area, but of dif- 
ferent lengths, are proportional to the 
lengths within the limit of ultimate 
strength. Beyond that, the necking is 
about the same for all specimens of the 
same area, regardless of length. Hence, 
the shorter pieces show a larger percent- 
age of total elongation than the long 
ones, which necessitates a standard length 
of test specimen. The percentage of 
elongation indicates the ductility of the 
metal. 


a 44, Although the reduction of cross- 
( sectional area is not extremely important, 

it is usually recorded with the other data 
of the test. In some of the more ductile irons, it may reach 
50 or 60 per cent. of the original cross-section. The shape 
of the fracture and the appearance of the metal at the break 
are usually noted also. 


CAST IRON IN TENSION 


45. Elongation, Tensile Strength, and Ductility. 
Cast iron subjected to tensile stresses elongates very little. 
Good gray cast iron will stretch about $ inch in every 
58 feet, per ton of pull per square inch, up to about one-half 
the breaking load. ‘The tensile strength of cast iron may 
vary from 7,000 to 40,000 pounds per square inch, depending 
on its composition and the precautions observed in casting 
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the bar. It possesses little or no ductility, and breaks very 
suddenly under the maximum load. There is no necking to 
indicate where the break will occur, as in the case of wrought 
iron and steel. The reduction of area is so small that it is 
scarcely measurable. 


IRON AND STEEL IN COMPRESSION 


46. Form of Break or Fracture.—There are two 
distinct ways in which test specimens of iron and steel fail 
when subjected to compression. In one, the metal spreads 
out as the load increases, so that the area of cross-section of 
the specimen grows greater as the piece is compressed. 
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This is shown in Fig. 27, in which (a) represents the form 
of the original test piece, (4) the final appearance of two 
steel specimens, and (c) the final appearance of two wrought- 
iron pieces. 

In compression tests of more brittle materials, as cast iron 
and hardened steel, the test specimens usually fail by shear- 
ing off diagonally, as shown in Fig. 28. The fracture will 
occur at the maximum strength of the piece, and there will 
be little compression recorded by the compressometer. 
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